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PREFACE 
Irrigation is an old art and has been practic~ in various countries 
from time immemorial. Although in relation to 110rld cultivated area the 
land irrigated is small, the food production on irrigated land is of tremen-
dous importance to civilization. 
success in irrigation farming depends upon the joint efforts of the 
engineer and the farmer. The engineer has the great and heavy responsi bil-
ity of constructing properly a permanent system of dams and canals from 
which water may be drawn, and the farmer has to utilize the water in the 
best manner for crop production. 
From the engineering point of view, the greatest recent progress in 
irrigation on new scientific lines has chiefly occurred under the British 
directions in newly settled or in older settled countries. As regards the 
application of water to the land, the relation of soil !ll)isture to plant 
growth , the !ll)St economic use of water in the production of crops, and other 
phases of irrigation farming, 110nderful experimental 110rk has been done by 
the united States Department of Agriculture and the Experiment Stations of 
the western states. This paper is a review of the major experimental conclu-
sions drawn so far in irrigation practice in America. 
In presenting this work the author is especially indebted to nr. George 
stewart, the Agronomist, and Dr. Q. f. Israelson, the Irrigation Engineer, 
of the Utah state Agricultural College and Experiment station who have care-
fully gone over this and have made very valuable suggestions. 
Utah state Agricultural College 
:r,ogan, Utah 
P. D. Sildta 
L. Ag;B .Sc(uri) 
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PRINCIPLES OF IRRIGATION FARMING 
AS DEVELOPED BY Atll!lUCAN FIELD EXP:ERIMENTS 
•••••••••• 
INTRODUCTION 
Irrigation is •the artificial application of water to the soil for the 
purpo se of g etting larg e and steady crop yields•. It is supplementary to 
rainfall and the quantity of water applied and the time of application, there-
fore, llllsl; be determined by the character of the rainfall. Irrigation is 
usually practiced in those regions which have low rainfall as natural precipi-
tation at such places is insufficient to meet the full water requirements of 
crops. 
The field of irrigation is very great in the world. It has been 
estimated that about 00 per cent of the earth•s surface has insufficient rain-
fall which makes the application of irrigation necessary in order to get 
paying yields of crops. .A.bout 25 per cent of the earth•• 1urface gets ten 
inches or less of annual rainfall and this can only be brought under cultiv&-
tion by irrigation • .A.bout 30 per cent of the earth's surface receives between 
ten and twenty inches of rainfall annually and to grow intensive crops in this 
area irrigation is essential. Every continental area has its arid and semi-
arid regions where the rainfall is less than twenty inchee. It has been 
estimated that with the total available water supply and a perfected system 
of irrigation, it would be possible to irrigate only one-tenth to one-fifth 
of the earth 's surface requiring IOOre water to produce satisfactory crops. 
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under proper conditions of water supply, productive land and avai lable 
markets, irrigation farmi ng is really attractive, Average crop yields are 
relativel y high i n irrigated regions; crop failures are rare; and the farmer 
has an extraordinary control of the quail ty o f his produce, 
sunmary of _,r1d Irrigation, 1926-27 . (29) 
Continent 
No rtb America 
south America 
EUrope 
Asia 
Afr ica 
oceania 
![Otal Area in Sq. W. les 
a, 685,833 
7' 169,587 
3, 723,081 
16,217,166 
11,514,050 
3, Z07, 940 
Population 
157,450,526 
69,749,645 
477,560,161 
1,037,854, 722 
143,335,419 
9,029,3:>0 
Area Irrigated in Acres 
26,834,000 
6,613,000 
14,000,000 
140,754,000 
10,310,000 
1,270,000 
The total area irrigated in the 100rld, according to statistics of 1926-27, 
is 2:)0,581,000 acres. The area irrigated in the important countries is as 
follows: 
India 
China 
united states 
Java and 1.111dura 
Asiatic Russia 
Japan 
Germany 
Mexico 
Fgypt 
Italy 
Spain 
Indo China 
Argentina 
Chile 
Siam 
Me sapo tam!. a 
Madagascar 
MJrocco 
Portugal 
peru 
55,000,000 
50,000,000 
2:),471,000 
8,350,000 
8,ooo,ooo 
6,675,000 
6,000,000 
5, 700,000 
5,000,000 
3,900,000 
3,500,000 
3,470,000 
3,000 ,000 
2,458,000 
1, 750,000 
1,550,000 
1,500,000 
1,500,000 
l,a:>6,ooo 
1,000,000 
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HIS'IORY OF IRRIGATION IN INDIA AND THE UNIT:ill STATES 
IRRIGATION IN INDI.A. 
The to tal area irrigated in India, including the Provinces and states 
by both ~vtt. and private irrigation 110rks, is about 55,800,000 acres. out 
of t his about 28,000,000 is irrigated by G?!~tt.Canals according to 1926-27. 
I n India the relation of soil to moisture acquires a greatersignificance than 
almost anywhere else on account of the rainfall being limited to particular 
periods instead of being distributed throughout the year, and because of the 
intense and prolonged heat 111 th consequent rapid evaporation. The irrigation 
work in India is divided into three nain classes: canal, tanks, and wells. 
So far as the canals are concerned, the Punjab, the land of five rive~ possesses 
the greatest irrigation system in the 110rld. In the year 1926-27 out of a total 
cropp ed area of 30,406,941 acres, 13,961,456 acres were irrigated and out of this, 
10,068,746 acres were served by canals. The unfailing supply of ita sno.,...fed 
rivers and the even surface of its arid plains have rendered it possible to con-
struct the vast net110rk of the canals in the Punjab. one of the most modern, as 
well as one of the largest, canals in India is the tower Chenab canal in the 
punjab. This canal draws its supply from the Chenab river. TO prevent silt 
choking 1t and to give the canal a good head, a weir was built across the river 
with a water-way 4000 feet long. This weiris divided into eight sections, each 
500 feet long. The supporting piers between the sections are solid masonry ten 
feet thick. On the crestof the sections are iron shutters arranged by geaving so 
that they can be dropped when the river rises and raised when the flood subsides. 
]'rom off this weirthe canal takes its water supply. The base of the canal is 
250 feet wide and its depth is 11 feet. The main canal is 400 miles long and 
has more than 1200 miles of lateral branches. The tract which this canal serves 
was at one time a desert waste and now the who le region is most excellent crop 
land. The gross commanded area by this canal is more than three million acres. 
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Among the new canal projects, the sutlej valley project in the punjab 
is a composit e undertaking involving the construction of four barrages at 
Gandasingwala (Ferozepur), at SUleimanke, at Islam, 45 miles below Suleiwanke, 
and a fourth just below the confluence of the Sutlej and Chenab rivers. These 
four barages will provide a constant water supply for approximately 9,000,000 
acres of land and make them available for cultivation. The Ferozepur head 
works was formally declared open by His EXcellency the Viceroy on october 25, 
1927 and also the Ganaga Nagar canal which is the largest lined canal in the 
world. This canal Originates at the Ferozepur head works and proceeds for about 
85 miles into and through the Bikawer desert, its entire length, both bed and 
sides, being lined with concrete. 
Another new project under construction in India is the Lloyd barage and 
canal project in the Bombay presidency. This scheme consists of the construc-
tion of a baraga across the Ind11<8: three miles below the gorge at Sukhar, with 
three canals on the right and four on the left bank taking off therefrom, each 
with a separate head regulater. The right bank system co mprises the North 
western perennial, central Rice, and South Eastern Perennial canals. The left 
bank comprises the new Perennial Rohri canal, a perennial supply channel to feed 
the Eastern Nara river and the canal dependent thereon, and the two feeder 
canals for irrigating lands in the Khairpur state. The barage under scientific 
control will give the necessary su;pply to each canal, no matter bow low the 
natural level of water in the river may be, provided there is sufficient water 
in the river Indus from time to time for the combined requirements of all seven 
canals. All the canals taken together will command about 7,500,000 acres and 
enable some 5,500,000 acres of crops to be irrigated annually. The total length 
of the main canals and branches will amount to nearly 1600 miles and that of 
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t he di stributaries to 3700 miles. It is expected that irrigation from the new 
canals can be comme nced in 1931. 
Irrigation from tanks is mostly con fined in the Madras Presidency. These 
are really lakes or reservoirs and are constructed by putting dams across the 
depr essions or valleys. In them the rain water is collected for use in the dry 
season. The area irrigated fro m this source in India is about 7,000 ,000 acres. 
It is estimated t hat India irrigates over 13,000,000 acres of land by wells. 
The area which one well will irrigate depends very largely upon the method of 
distributing the water fro m the surface of the well, the method used in raising 
the water, the dep th of the well, and the contour of the land. well irrigation 
in South India averages t110 to three acres, in the united provinces four acres, 
and in the punjab twelve acres per well. The depth of these wells varies from 
a few fe et to 50 and 60J feet. The cost of a well varies, of course, with the 
dep t h fl'O m 300 to 1000 rupees. The chief methods employed for lifting water 
from the well are: 
(1) !!.'he persian 1t'heel -- This is a wheel on a horizontal axis with a 
series of earth en pots so fastened that they act like the metal cups on the 
m dern chain pnmp, going down empty and returning fUll. Upon reaching the sur-
face each pot pours 1 ts con tents into a trough from which the water is distri-
buted on the land to be irrigated. The wheel is driven b y oxen or camel. !!.'his 
method is used a great deal in the punjab. 
(2) The Jol:)te - In this case a rope drawn over a pulley is used to 
raise and lower a leather bag which brings the water to the point of delivery. 
!!.'his method requires a driver for the yoke of oxen attached to the rope for 
rai sing the water and a man at the well head or place of delivery to empty the 
water into the trough or channel prepared to receive 1 t. 
(3) The Picottah -- This is an application of a lever with a central 
support. It consists of a pole rmving in a vertical plane, one end with a 
,weight and to the other end is attached the bucket to 11ft the water from stream 
or well. It is worked by one attendant at the well head or stream. 
IRRIGATION IN THE UNIT:ro STAT]S (36) 
The arid or semi-arid region in the united states extends west of the 
one-hundredth meridian to the pacific coast, where the rainfall is less than 
aJ inches per annum. All of the irrigation is confined to that region with 
the exception of some rice irrigation in the South and a comparatively small 
amount of irrigation for intensive cultivation of truck gardens and orchards 
in Florida and the Eastern States. Although some irrigation works were intro-
duced by the Spanish in the Southern States, irrigation in the united States 
on a community scale and under the conditions of modern civilization began in 
the Great salt Lake Valley on July 24, 1867 when a group of pioneers under the 
leadership of Brigham young entered the valley and settled there and irrigated 
the land and planted potatoes in the watered soil. Irrigation development in 
utah and in other settlements 1fii.S accompli shed by cooperative efforts. After 
a project had been selected, the dams and di t chee were built by the people who 
were to use the water. Little capital was amployed and after the ditch was 
built, its maintenance was the concern of those who used water from it. The 
pioneers, practical men, first tackled the simple projects and when these were 
conquered and made to serve the needs of men, I!Xlre difficult reclamation pro-
jects were taken. 
The splendid results of irrigation development soon interested capitalists, 
as men of means felt that money could be invested safely in irrigation enter-
prises. The returns from the' investment looked large. ~re failures than 
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successes attended these commercial irrigation ventures because the project 
owner and the water users were too far apart and because capitalists did not 
take into sufficient account the stern necessity of securing earnest, suitable 
settlers, 
When the pioneers and the capitalists had played their part, the govern-
ment came forward and continued. the 110rk in the more difficult places. In 
1902 the Federal Reclamation act was passed which implied that the lands of 
arid and semi-arid regions might be brought under irrigation and money to be 
used was derived from the sale of public lands and from royal ties on oil and 
potash lands in t he states to be benefitted. Those who settled on the reclaim-
ed lands were required to pay, in easy installments and without interest, the 
100ney expended in the building of engineering structures necessary to make 
water available to the farmer. In 1902 nearly 9,000,000 acres of land were 
brought under irrigation by pioneers and capitalists. After this, when the 
reclamation act was posaed, the area. irrigated increased to 2:>,000,000 acres 
according to the census of 192), It has been observed that most of the success 
in irrigation enterprises in the united states is due to the cooperative spirit 
of the farmers. M;lreover, the American nation has always realized that the 
foundation of its prosperity rests with those who till the soil and hence every 
effort has been made to reclaim the western states quickly and completely. 
It is estimated that a total of about 45,000,000 acres of land can be 
irrigated in the west when economic conditions and the gro1fth o f population 
require it . There is a gradual growt h of the irrigated area and new projects 
are being constantly initiated by the Government and by private parties. 
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SOIL IN RELATION TO IRRIGAT10N FARMING 
PROPERTI]S OF IRRIGAT:Ell SOILS 
The texture and structure of the soil regulate its readiness with which 
air penetrates it, its water holding capacity, the readiness with which water 
moves through it, and finally its conductance of heat. With a given amount of 
water t h e deg ree of saturation of a soil may vary widely, depending upon 
(a) texture, (b) structure, and (c) permeability. 
(a) Texture -- The size of the particles is designated by the word 
texture. sandy soils are classed as coarse texture~ loam soils as medium 
textured, and clay soils as fine textured. The texture of a soil has a very 
important influence on the movement of water, the circulation of air, and on 
the rate of chemical transformations which are of importance to plant life. 
The size of the soil particles has in reality a great influence on crop produc-
tion the world over, but to the irrigation farmer it is particularly important 
because it determines in a l arge measure the amount of water that can be stored 
in a given depth of soil. M:>reover , the farmer is unable to oodify the texture 
of his soil by any practical means . Buckingham (6) investigated the mean water 
content of: 
Fine sand 
Sandy loam 
Clay 
This shows that as the texture becomes finer the greater is the average 
capillary content. 
(b) structure -- The arrangement of the particles is designated by 
the wor~ structure. The compacting or loosening of the soil are merely struc-
tural changes as this affects the arrangement of particles and ultimately pore 
epace. In the puddled condition, the pore space is reduc ed and the soil 
becomes impervious to air and water which condition is detrimental fo crops and 
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is t hus undesirable. By the forming of granules or crumb structure, the pore 
space of the soil can be increased to a high percentage· and this assures a very 
desirable soil strlwture and canbe brought about when the soil is cultivated at 
the proper llXlisture condition. 
The experiments carried out at cornell university {15), show that floccu-
lation decreases as the moisture increases and it was especially small in the 
very wet soil. TWenty per cent llXlisture seemed, on the whole, about the llXlSt 
favorable to floccul a tion. The results also showed that there was much better 
flocculatton in the cropped than in the uncropped soil. 
The pore space is occupied by air and water . If the water content 1B low, 
the air space is large and vice versa. An ideal soil for plant growth is one 
in which there is both air and water, the proportions depending upon the texture 
and structure of the soil. 1. deficiency of either of these is attended wi~h 
distress on the part of the plant . 
(c) permeability - .A. property of the soil of very great importance 
to the irrigator is the readiness with which water will penetrate it, or its 
penneabili ty. water standing on gravelly or coarse sandy soils penetrates 
the soil so rapidly that the water surface will be lowered several inches in an 
hour. on the other hand, some fine textured <il.ay soils are so impenneable to 
water that it will collect and stand on such soils for many days with aliiOst no 
penetration. Between these t110 extremes there are obviously many degrees of 
permeability. The greater the permeability of the soil the easier the water 
sinks and the thicker the layer of the soil which is IIDistened in a given time. 
A 11gb degree of permeability, therefore, lessons the storage of water , since 
IIOre or less of the irrigation water passes do11n into the lower depths of the 
soil. Soils of this kind are mst uniformly IIDistened when there is at each irri-
gation not llXlre water than the soil can retain. This shows the importance of 
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greater frequency of irrigation for such soils. The need of frequent irrigation 
decreases as the water capacity of the soil increases and permeability decreases 
because the water supplied to the soil is stored up to a greater or less extent. 
In soils with difficult permeability a less frequent but more copious supply of 
water must be regarded as mre advantageous . 
Permeabi lity is an essential property of soils because the roots of the 
growing plant require both air and water. The mvement of soil air depends 
almost entirely on the movement of moisture and consequently soil permeability 
is concerned chiefiy with the percolation of water. I n irrigated regions the 
rate of water movement is of unusual i mportance because excessive permeability~ 
cause waste of water and loss of soluble plant food, and low permeability may 
result in the accumulation of alkali and injury to the tilth and productiveness 
of the soil. The water mves most slowly in fine-textured soils; in fact, the 
rate of percolation is so slow in some heavy soils that the removal of alkali 
by leaching is al!IX)st impossible. The reclamation of these lands 110uld be much 
facilitated by an improvement in permeability. In other irrigated land, where 
the soils are heavy and fine-textured, the maintenance of fertility depends 
largely on the prevention of a very low state of permeability. 
The effect of the constituents of alkali, fertilizers, and soil amendments 
on the permeability of clay and clay loam soils under irrigation was studied 
at the New Mexico EXPeriment station (7) and it was observed that the penetra-
tion of water into the soils was retarded by sodium and potassium compounds 
(0.5 per cent), and by clay and silt (5 per cent). The sodium compounds 
caused a much greater depression of permeability than the other substances, 
the infiuence decreasing in the following order: carbonate, acetate, chloride, 
nitrate, silicate, and sulphate. The following substances (0.5 per cent con-
centratiun) increased the rate of water penetration into the air dried soil, 
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the accelerating e ffect decreasing in the order named: alunnnum sulphate, 
fe rrous sulphate, aluminum chloride, calcium acid phosphate, manure, and amrmn-
ium sulphate. The soils treated with the depressing substances were more 
a l kaline after percolation and were highly deflocculated. substances improving 
permeability i ncreased the a.cidi ty of the percolates and caused flocculation. 
permeability was greatly decreased by deflocculation. The low permeability 
of fine-textured soils results from properties of' colloids. In the dispersed 
condition, there is a high absorption of water, a large amount of swelling, a 
high fluidity and an absence of flocky structure and oormal pore space. conse-
quently, a l!X)Vement of' water from or through the soil meets with great resistance 
and proceeds very slowly. In the flocculated condition, these properties are 
much less pronounced and the aggregated, flocky structure of the soil f'acili tates 
the settling of the soil in water or the percolation of water through the soil. 
rertili zers which tend to decrease soil alk:alini ty, such as amrmniwn sulphate, 
manure, and acid phosphate, improved permeabi 11 ty and tilth. SOdium nitrate bad 
an opposite effect; therefore, the cumulative influence of' this fertilizer would 
be injurious. 
SOIL !.0 !STURE J.ND ITS !.OVEMENTS 
In the saturated soil when all pore spaces are filled with water, three 
forms of' water are found to be present, {a) B'ygroscopic, {b) Capillary, and 
(c) Gravitational. These f'o rms differ not in their composition but in the po si-
tion that they occupy in relation to the soil particles • . The hygroscopic and 
capillary water are both film forms and the line of demarkation between these is 
not sharp. The capillary form is, however, capable of' movement • .A.s t he capillary 
water continues to increase and the film becomes thicker and thicker, a point ie 
reached at which gravity overcomes the surface tension of the liquid and the 
water tends to move downward. 
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The hygroscopic water actually dissolves the plant food from the soil and 
f ertilizer grains because this water is in close contact with them. But this 
can only work rapidly when capillary water is also present to carry away the 
dissolved products. The crops derive their supply of water in the capillary 
form and therefore the right amount at all times is very important. ~ne plant 
food is held in solution and liXlVed to the plant s aa needed. As soon as the 
capi]lary capacity of a soil column is satisfied, further addition of water will 
cause the appearance of free water in the air spaces. The rapi d elimination of 
free water from the soil is necessary as the ideal condition for optimum plant 
growth is the unsaturated condition of the soil due to the presence of both 
moisture and air in the spaces. 
All soil moisture is acted upon by thtee forces; adhesion, cohesion, and 
gravitation. Adhesion is the force of attraction between soil material and 
water molecules . Cohesion is the attraction which water molecules have for each 
other. fh thick water films the major forces acting upon water molecules in 
the outer layer are cohesion and gravitation; while in the inner or thin water 
films the major force is adhesion. The magnitude of the force holding the water 
film to the soil particles is of great importance as this determines the avail-
ability of t his film water to plant s. The intimate relation between the water 
content of a soil, i.e., the thickness of the soil water films and the forces 
involved, have been treated in a paper (27). BY means of vapo r pressure deter-
minations it has been shown that the force with which water is held by a soil 
varies fro m one at110sphere at t he moisture equivalent to about 1000 atmospheres 
in the air dry condition. Thus at moisture contents above the wilting point, a 
large change in water content causes but a slight change in the magnitude of 
force with which that water is held. At water contents below the wilting point, 
a small decrease in moisture content increases tremendously the force with which 
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the r emai ni ng water is held. A. curve for a silty clay loam is given below. 
Due to tremendous force by which mi sture is held by soil particles, the 
water is not available to plants below the wilting point. The average value 
of t he ratio moisture equivalent f wilting coefficient found by Briggs and 
Shantz is 1.84 (5). Plants g row in soil when the moisture content lies between 
the lllO isture equivalent and wilti ng percentage. At wilting point the force of 
gr avity is i nsignificant in co mparison with the forces of adhesion and cohesion 
which are in the neighborhood of 5 to 10 atmospheres. Therefore, at these water 
contents the force of gravity as affecting water mvement may be ignored . 
The maintena~ce of soil fertility in irrigated regions depends in part on 
the control of t he llX> Vement of g round water and of capillary misture. There-
fore, the knowledge of the laws governing the flow of wet er in soil is essential 
to the co ntrol of its mo vement. It is g enerally lmAYwn that pressure differences 
f ro m point to point in a liquid give rise to llX> tion fro m points of high to those 
of low pressure when othe r forces, such as gravity, are not involved. :Et>r example, 
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in case of flow of wat er i n a level p i p e line, the driving forc e is dependent 
upo n the space r a t e of chang e of p ressure. The influence of p ressure differ-
ences on the flo w of liqui d has an i mpo rtant bearing on t he study of t he IIX>ve-
ment of capilla r y IIX>isture. A.mng irrigation engineers it is well known that 
the velocity of wat er flowi ng in open channels and in p i pes is determined by 
two classes of forces, namely, the driving force and th-e resisting force. ~en 
a head gate is suddenly opened, permi tting wat er to enter a canal, its velocity 
is accelerated because t he drl ving force in a. down stream direction parallel 
to the canal bed at the outset is g reater than the r esisting force in the oppo-
site direction. The m v ement o f 100isture in soils is i n fluenced by forces 
analagous to those which control the flow of wat er in op en channels and p ipes. 
cap illary and gr avitational forces are always involved a s factors deter-
mining t he condition o f motion or of equilibrium of misture in the soil. 
:By making use of po tential functions, physicists have developed a dynamical 
method which has mat erially aided in studying the flow of heat and electricity. 
In recent r esearch work the potential functions have proved as useful in soil 
rooi sture work a s they have been i n dealing with electric! ty or heat. In soil 
moisture mov ement the terms gravi tational .po tential and cap illary potential are 
used. The former represen ts the force due to gravity and the latter attraction 
between moist soil and water. 
The movement of soil rooi sture occurs due to po tential differences or m:>re 
definitely due to the potential gradient which is a force per unit mass. \Yhen 
gravity and resultant capilla r y forces a.re just balanced, t here is no rro tion and 
this condition of the water is called sta tic equilibrium which resul ts in a 
r egion of equal potential . There a.re no unbalanced forces in an equi:po tential 
r egion. 
soil moisture flow is larg ely determined by two factors, namely (1) the 
conductivity o f the soil , and ( 3) the potenti a l g radient within the rroisture 
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reg ion. The c apillary stream in a certain oorrogenous soil at a given moisture 
content flows i n the di r ec tion of the gradient of the sum of t he capillary and 
g ravitational potenti al s and its velocity is proportional to the magnitude of 
this gra.di en t . 
Richard ( 26) studied the relation of moisture content at equili.brium to 
capillary potenti al in (a) sand, (b) loam, and (c) clay. The results are given 
in the following cur-tes: 
This stews that cap illary potential in all soils increases with the 
decrease in rroisture percentage. Pt>r a given capilla ry potential the rroisture 
conten t i s highest in a clay , medium in a loam, and lowest in sand. 
under field conditions soil moisture is generally in motion, as the season-
al and diurnal fluctuatio ns of temperature, evaporation, precipitation, irriga-
tionand g round water, or drainage condi tiona make it unlikely that equilibrium 
is very closely app roached in any actual case. The flow of water in unsaturated 
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soil is designated as capillary flow. A steady flow of capillary water in 
irrigated soils, analagous to the ordinary flow of water in canals, seldom 
occurs; the flow is usually changing. However, under certain conditions, 
such, for example, as the capillary flow vertically upward from a high water 
table to the soil surface, the flow approximates a steady state if continued 
for a sufficiently long time. KnOwledge of the quantity of such flow is of 
great importance in irrigated regions. capillary flow vertically upward may 
be beneficial in supplying ITB.ter to plant roots, yet it may be harmful, not only 
because of conveying water to the land surface where it is lost through evapora-
tion, but also by carrying large amounts of alkali to the surface and thus 
rendering the soil non-productive. 
In field conditions the major concern in a study of steady capillary flow 
is the quantity of flow vertically up or down. In the first case, the gradient 
of the capillary potential has such direction and magnitude that there is a 
resultant upward water rooving force. If there is no evaporation or transpira-
tional loss of water from the surface, the state of static equilibrium will 
ultimately be reached. However, when surface loss occurs the potential gradient 
is maintained and the upward flow continues. In the second case, provided the 
llXlisture content decreases with depth of soil, both the gravity and capillary 
forces tend to move the water downward. This downward motion will continue, 
provided there is no surface evaporation, until the moisture content increases 
with depth so that the capillary potential gradient is directed vertically up-
ward and equal to the force of gravity per unit mass or until the !ll)isture comes 
to equilibrium with an impermeable layer or with the ground water. 
As mentioned above, the conveyance of water in canals is caused by the 
resulting action of driving and retarding forces. Similarly the driving and 
retarding forces influence the movement of water in soils. In soils the friction-
al resistance per unit volume is dependent on the effective use of the soil int er-
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stices and capillary channels, the pore space, the temperature of the water, 
and the percentage of water content, Because of the fact that there is great 
variability and lack of uniformity in a natural soil, it is i mpracticable to 
evaluate with precision for any particular soil the effective size of t he 
capillary channels and of the frictional resistance. The retarding influence 
of the shape of the capillary channels cannot be measured and designated by a 
factor such a s the hydraulic radius, IL') which gives a measure of the retarding 
influence of the form of cross section of canals, rivers, and pipes . In 
unsaturated soil there is even greater variability of frictional force, due to 
t he fact that water channels through which moisture m:>ves are influenced by the 
IIXlisture content of the soil which is variable, It is, therefore , a relatively 
complex problem to develop an equation that will give the velocity of water in 
soils analagous to Manning's equation for canals, in which 
Q: A X 1,486 .;> s! 
n 
where Q: the quantity of water discharged by a flowing stream in 
cubic feet per second, 
a: cross section area of flowing stream in square feet, 
n : degree of roughness, 
r = the hydraulic mean radius of a canal which is the cross 
section area divided by wetted perimeter, and 
s = the slope of a canal, i.e., the vertical fall in a given 
length. 
Comparatively recent research pointe the way toward measuring the driving 
force per unit mass but t h e frictional factors analagous to n in the above 
equation for different soils containing various amounts of capillary water and 
di ssolved substances at different temperatures are yet to be established. To 
evaluate the frictional resistance due to each of the variables separately is 
impracticable • Attemp t has been made to evaluate experimentally the combined 
frictional resistance p er unit volume as a characteristic of each major type of 
soil at a given moisture content. In canals and pipes the frictional resistance 
per unit volume to flow of water varies with the square of the velocity, i.e,, 
rr xv2, where FI' is the friction force; V denotes velocity and K constant. 
A. very essential point of difference between the relation of frictional 
forces to velocity of flow of water in canals and pipes and to velocity of 
flow in soils is this: in soils, due to the relatively slow mvement of water, 
the flow is said to be stream line· and not turbulant and hence the frictional 
resistance varies with the first power of the velocity rather than with the 
second power . Mathematically state!~ for flow in soils 
Where 
FI'=KV 
Fr = the retarding frictional force per unit volume of water, 
V :the velocity of flow in soils, and 
K : a constant. 
The driving force per unit volume is equal in magnitude and opposite in 
direction to the retarding force per unit volume. 
The specific water conductivity of a soil is defined as the quantity of 
water (volume) that will flow in unit time through a soil column of unit cross 
section area due to the driving force of unit potential gradient. The specific 
water conductivity is the ratio of the specific permeability to the accelera.-
tion due to gravity. In irrigation practice it is customary to measure the 
permeabilit y of soil to water in terms of cubic feet of water that will flow 
vertically downward through one ·square foot of soil surface in 24 hours under 
the force of gravi ty. The specific water conductivity is a definite measure 
of the capacity of a given eoil to transmit water. The relation of specific 
water conductivity to soil permeability in the case of sandy loam and deep loam, 
which were measured experimentally, is given in the tabl• following. 
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: cu.ft . per : Surface c. f ••• : sPecific 
:sq. ft. ,per: inches per :co nduc ti vi ty 
class 0 f soil Time 24 hours :per hour acre K 
1st hour 4.88 2.44 2.44 6 1.7 X 106 2d hour 2.92 1.46 1.46 1.0 X 10 
3d hour 3.00 1.50 1.50 1.1 X 10~ 
4th hour 2.50 1.25 1.25 9.0 X 107 5th hour 2.50 1.25 1.25 9.0 X 10 
1st day 5.68 2.84 2.84 2.0 X 10~ 
2d day 2.24 1.12 1.12 8.0 X 10 
sandy loam 
Deep loam 
King early found wide variation in the permeability of soil to water. 
Specific conductivity computed from his data show: 
Fine-textured lllack mar~h soil, K • 2 .1 x 108 
clay, K = 4.8 x 10 
Fine sand, -·I = l. 2 x 106 6 
coarse sand, K = 9.0 x 10 
Darcey's equation states that the velocity of the water is proportional 
to the force which is producing the velocity, hence V,.. K potential gradients 
where V is the veloci'ty of flow and K: a constant which will depend on texture, 
structure, and moisture content of the soil. 
V = K x potential gradient 
-:. K x pd- i.e., driving force-, 
pd = g x h where g is acceleration due to gravity and~ is slope. 
T T 
Therefore, V : K x 1 
-----------( I ) 
Discharge through a pipe or canal is given by the equation 
where 
~= AV ----------------(II) 
~=discharge in c .f.s. , 
a • cross section area in square feet, and 
V = mean velocity of water in feet per second. 
substituting the value of V in equation (II), 
~ : A X K ~ ----------- ( III ) 
In soils, part of the total cross section area, represented in equation 
(II) by symbol a, is occupied by soil particles surrounded by tiny water films. 
Let Pf : percentage of water in a saturated soil on a volume V&sis that is free 
-22-
to roove. Then, the net area a t right angles to the direction of flow through 
which flow occurs is the product pfa. Therefore, equation (III) becomes as 
follows: 
~: pf K ~ a -------------------( IV). 
]t>r any given water content of a soil the percentage pf is · constant; 
therefore, the p roduct PfK may be represented by K which denotes the specific 
conductivity of a soil. Therefore, the equation (IV) may be written as, 
It = K ~~a ----------------------- ( V ) • 
The most comroon case of flow of water in saturated. soils is vertically 
downward in which the driving force per unit mass (potential gradient) is 
nwnerically equal to acceleration due to gravity (g). This case is represented. 
mathematically by making the area (a) and the ratio (h/1) of equation (V) each 
equal to unity. Represen ting the quantity of water that flows in unit time 
vertically downward through a soil column of unit cross section area due to the 
, 
force of gravity by ~~, it follows from equation (V) that 
~l: kg---------------------------( VI). 
The quantity qt is defined as the specific permeability of soil to water. 
It is apparent from equation (VI) that the specific water conductivity (k) is 
the ratio of the specific permeability to the acceleration due to gravity. In 
engineering units (foot-pound-second) ~ is measured in c. f. s.; unit area is 
one s quare foot, and g = 32.2 pounds. In centimeter-gram-second units, ~is 
measured in cc. per second; unit area ~s one square centimeter, and g ... 981 
dynes. 
STORAGE OF 11'.A.TER IN SOILS 
'!'he importance of soil rooisture in crop production is well understood. 
'!'he rate of use of water by growing crops varies from day to day and week to 
week , but when the soil cannot supply water to plants, g rowth is at onc·e 
retarded and soon prevented entirely. In irrigated regions the capacity of 
soil to store water for the use of growing crops ia of special importance. 
'!'he economical interval between irrigations is greatly influenced by the 
storage capacity of the soil for water. Moreover, irrigated soils of relative-
ly large water holding capacity may produce profitable crops in places where 
and at times when the shortage of i rrigation water makes it impossible to irri-
gate as frequently as would otherwise be desirable. Knowledge of the capacity 
of soils to retain irrig~tion water is essential to economical irrigation. In 
irrigated regions water is stored in the soil in capillary form. The aroount 
of water which a well-drained soil can retain at equilibrium against the force 
of gravi t y is called the capillary rooi sture capacity. It is influenced largely 
by texture, structure, and organic content of the soil. Recent investigations 
have shown that the capillary capacity at equilibrium is also influenced by 
the position of the water table. In field soils it is doubtful if equilibrium 
conditions ever eXist between unbalanced capillary forces and the force of 
gravi ty. 
There are so many variable factors, notably evaporation and absorption of 
water by the growing plant s, that the moisture in irrigated soil during the 
g rowing season is always !lOVing. Observations made in sacramen to Valley, Calif-
ornia (17) show t hat the percentages of pore space which are filled by the 
water that a soil holds immediately after irrigation increases w1 th fineness 
of soil texture. variations from 40 per cent in silt loam soils having fine 
sandy loam sub-soil, 51 per cent in the silt loams, 58 per cent in the clay 
loa.ms, to 66 per c ent in t he clay soils have been noted. It has also been 
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noted that the ma.ximwn amount of water found after irrigation quite agrees with 
that of IIOisture equivalent and hence the latter might be considered as a basis 
of judging the fo.rmer. 
The percent age of water retained by a soil when the m:>isture content is 
reduced by means of constant centrifUgal force until it is brought into a state 
of capillary equi 11 bri um with the applied force, is designated by the term 
IIOisture equivalent . BY this method it is possible to determine the retentive 
power of different soils for moisture when acted upon by the same definite 
force, comparable in magnitude with the pulling force to which the soil IIOisture 
is subjected in the field. There is a direct relationship between the texture 
of a soil and its tn:>isture equivalent as the results ob.tained were as follows: 
Texture grade 
Fine grav.el 
coarse sand 
Medium sand 
Fine sand 
very fine sand 
Silt 
Clay 
Size of particles 
2.0 1.0 m.m. 
1.0 .5 
0.5 .25 " 
.25- .1 
.1 -- .05 
.05 --.005 • 
. 005 -.0001 m. m. 
lbi sture equivalent, per c1111t 
1.18 
1.44 
1.85 
2.34 
8.62 
24.99 
61.03 
Moisture Equivalents of Various Soils 
coarse sand 
sandy loS!Jl 
Fine sandy loam 
IPam 
Silt loam 
Clay loam 
Clay 
6.38 
14.00 
15.04 
::0.85 
25.91 
26.11 
34.82 
The capacity of soils to retain water is influenced largely by texture, 
structure, and organic matter. !l"ne amount of water applied in a single irriga.-
tion is usually expressed in inches. The relationships of the irrigation water 
applied to the percent of m:>isture and the depth of soil mistened is expressed 
by the following equation: 
where 
d = Pw As D 
d = inches of water applied on the surface 
Pw= per cent of tn:>isture on dry weight basis 
D = depth of soil IIOistened, and 
As • apparent specific g ravity of the soil 
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The amount of water applied in a single irrigation is usually expressed in 
acre inches or acre feet per acre. Investigations carried out on the irrigated 
farm in utah (16) showed that the soils of medium texture , as a general rule, 
have the capacity to absorb fro m l/2 to 1-1/2 inches of water to each foot depth 
of soil that needs moisteni.ng; the actual capacity for a given soil depending on 
its texture and structure and the moisture content before irrigation. sandy or 
g ravelly soils retain the smaller amounts and clay loam soils retain the larger 
amounts of capillary water. Deep soils hold much water; shallow soils hold little. 
When mo re water is added than the soil can hold, seepage with all its dangers 
begins. proper plowing increase s the storage capacity of the land, 
Large losses occur when water is applied to land. ~ese losses are due to 
evaporation from the wet soil, percolation into the soil b eyond -.he reach of 
plant roots, and careless use, It bas been estilllll;ted (31) that not more than 
one-half of the water diverted by the average earthen canal reaches the land 
for which it is diverted; of that which reaches the land, fully one-fourth is 
lost by evaporation under ordinary practice while still another large fraction 
is lost by careless use. It is a safe estimate that not more than one-third of 
the water diverted actually enters into the growth of crops. Some of this lose 
is unavoidable and some can be preven ttli only at a prohibitive expense, but a 
large part can be checked without expense by careful use and applying water to 
soil conditions. 
Runn off can be prevented by perfect levelling of the fields, building 
dikes a round the fields, and by keeping the top soil in loose, open condition 
before irrigation so that the water that falls upon it may be absorbed quickly. 
In a rid regions the air is very dry due t o high temp erature, and this 
results in rapid evaporation from the soil. ~e mo vement of water is from the 
moister to the drier· parte of the soil, When the soil dries at the surface 
there is a steady upward movement of water from particle to particle to supply 
that lost by evaporation at the top and to place the remaining water in full 
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equilibrium with all active forces, Such loss of water is felt to the full 
dep th of soil concerned in plant growth, Mo isture evaporated from the soil is 
co mple tely lost and is of no value to crops, hence it is i mpo rtant to reduce 
t his loss to a minimum. 
various factors influencing water losses by evaporating are: (a) nature of 
t he soil, (b) meteorological conditions, (c) initial percentage of water, and 
(d) the condition of the top soil. 
The nature of the soil has great influence on evaporation: the finer the 
texture of the soil, the lll)re rapidly does the water rove upward to be changed 
i nto vapor. The darker the color of the soil, the rore rapid the evaporation: 
the ricker the soil is in soluble salts, the slower is the evaporation into the 
air. 
Meteorolo gical conditions determin~:ng the rate of evaporation from soils 
are temperature, sunshine, relative humidity, and winds, These factors e.re 
rostly out of control. 
The rate of loss of water from a soil increases as the initial percent of 
water in the so il increases. That is, the higher the initial per cent, the 
gre, ter the loss; the lower the initial per cent, the smaller the loss. This 
vi tally important principle was observed in the Utah work (3Z). The reason for 
t h is ' effect of the initial per cent is due to the fact that in case of high 
moisture content the film of water around the soil particles is thick and thus 
there is free movement of water. When the water evaporates from the surface 
of the soil, the thicker the film, the !IXlre rapid will be the evaporation; the 
thinner the film , t he slower the evaporation. The per cent of water in the soil 
ie a fairly good measure of the thickness of the Boil water film. Therefore, the 
I!Xlre water a soil contains to a given depth, the 110re is lost in a given time by 
sun action, 
Shallow soils, or in soils with a hard pan near the surface, a given aroount 
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of water does not get the chance of wetting the soil to considerable depth 
and as a consequence the percentage of moisture is higher which causes a 
llXlre rapid loss of soil moisture. From the point of view of the conservation 
of soil moi sture, such soils are, therefore, less economical than deep soils. 
This princi p le teaches the important doctrine that moderate irrigations are in 
all probability more economical than heavy ones. 
To diminish the rate of evaporation the best control come's from the proper 
treatment of the top soil. The various maans of saving water in this way are: 
1. cultivation after irrigation-- cultivation tends to destroy the 
capillary connection between the top soil and the lower soil sections and in 
that manner prevent the capillary rise of water to the surface. I n Utah 1'10rk, 
it was found that by cultivation clay soil lost only 63 per cent of the quantity 
lost by the non-cultivated soil; a clay lom 13 per cent, and a loose sandy soil 
34 per cent. 
2. Soil mulches-- When the top soil is loosened, the points of con-
tact between the loose soil above and the compacted soil become reduced. J.t 
the zone of loose earth, the ascending water finds it difficult to pas s th110ugh 
the fewer points of contact and at the same time to maintain its rate of flow. 
In the experiments carried out at the Utah EXperiment station the soil received 
water enough to cover it to a depth of 3.14•; the losses in fourteen days were 
a s follow: 
With no mulch 
With 411 nr.>lch 
With 8• mulch 
0.72 
0.21 
0.1. 
Taking the loss with no mulch as a basis, the saving with 411 mulch was 
16.24 per cent of the amount applied; with 8• Il!Ulch, 19.75 per cent of the 
amount applied. The larger part of the loss occurs in the first few days of 
irrigation. I mmediate cultivation after every irrigation until the crop covers 
the ground will check the evaporation to a great extent. There is a large loss 
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when water is applied in frequent light irrigations as t hi s practice keeps the 
water always exposed to the conditions causing the largest possible evaporation. 
unles s the nature of the soil or of the crop demands such irrigation, mu.ch 
water can be saved by irrigating less often. 
Plants require in their growth certain quantities of water which are taken 
fro m the soil, passed through the plant, and evaporated at the leaves. The 
1'18. ter requi rements of crop s have been determined by several investigators in 
various parts of the 110rld under different climatic conditions. some of the 
water requi red by the crop is furnished by rainfall. By proper cultural methods 
a large proportion of the rainfall may be held in the soil for the use of plants. 
Therefore, maximum advantage should be taken from the rainfall and irrigation 
be always considered supplementary to the natural precipitation. 
Thus, factors of loss may all be controlled. Evaporation may be checked 
by tillage, seepage losses may be reduced by applying water in accordance with 
the knowledge of the soil; i . e., a sa..''ldy shallow soil 110uld receive small, 
frequen t irrigations and a deep clayey soil infrequent, heavy irrigations. 
FERTILITY RELATIONS 
Soil fertility has great influence on the water holding capacity and the 
economical use of noi sture by the plants . The presence of organic matter is a 
nost desirable and beneficial element in the irrigated soils as it increases 
their capacity to hold nore water and also inducxes better tilth which tends to 
facilitate ease in drainage and in good aeration. Qrga.Ilic matter, especially 
when it has been reduced to the form of humu.s, has great capillary capa.ci ty, 
far excelling in this regard the mineral constituents of the soil . Its porosity 
affords an enornous internal surface while its colloids exert an affinity for 
roisture which raises its water capa.ci ty to a. very high degree . The following 
dat a. gi ve an idea of the capillary capacity of the soil organic matter : 
HUmus extract from peat 
Vegetable m:>ld 
peap 
Garden loam, 7% humus 
Field loam, 3.4;6 humus 
percentage of water 
laJO 
ZQ9 
190 
96 
52. 
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The tendency of t he organic matter to swell on wetting is but a change in 
condition incident to an approach to its maximum moisture content, Besides 
this direct effect, organic matter exerts a stimulus toward better granulation, 
a condi tion in itself favorable to increased water holding power, 
The effect of different soil moistune contents on nitrification was 
observed in cropp ed and uncropped soil and the results were as follow: 
SOil m:>isture N1 tra tes (in parts per mi llion) 
(percentages) Cropped uncropped 
11 38 
13 21 188 
15 10 177 
a:> 19 156 
25 23 195 
ZQ 17 233 
3'7l 23 193 
45 trace 3 
The effect of the crop in neducing the nitrates is very marked, Jll 
quanti ti es of moisture below 25 per cent seemed to affect nitrification in about 
t h e same manner . Thirty per cent was the most favorable fo r nitrification, 
whi le 37t per cent was decidedly inferior, and with 45 per cent there was actual 
denitrification, 
Table showing total soluble salts and ratio of soluble salts 
to nitrates in cropped and in uncropped soil with different 
moisture contents. 
: TOtal soluble salts (inpaite: 
Soil moisture :per million of dry soil) 
Ratio of total soluble salts 
to nitrates 
(percentages) cropped uncropped cropped uncropped 
11 109 ~9 2.9 1 
13 83 258 4.0 1 1. 4 1 
15 86 296 8. 6 1 1. 7 1 
m 85 267 4 . 5 1 1.7 1 
25 88 270 3.8 1 1.& 1 
::0 97 360 5.7 1 1. 5 1 
37~ 95 253 3.3 1 1.3 1 
45 95 100 95.0 1 33.3 1 
The soil with ::0 per cent IOOisture contained the most salts while that 
with 45 per cent had the least where there was no crop. The soil with ll per 
cent ooisture, both cropped and uncropped, had more salts than did the soil 
with medium moisture. The relation between soluble salts and nitrates shows 
some very interesting relations. The nitrates were always p roportionately 
lower in the cropped soils, which fact shows that plants take up the nitrates 
proportionately faster than the other soluble salts. The low relative a.mount 
of nitrates in the very wet soil shows that the excess of water interfered 
with nitrification oore than with the making soluble of other salts. The 
nitrates were influenced much oore by changing the ooisture than were the other 
constituents. 
P!ANT REWIONS 'ID IRRI GATION FARMU" 
.A.V.A.ILA.BILITY OF W.A.TER 'ID PLANTS 
For the normal growth of the plant water is the nost important factor, as 
it derives material from the soil. ]'Or each specie there is a certain water 
content in the soil which is nost favorable for growth. In general, the devel-
opment of the p lant improves with increase of water in the soil up to a certain 
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p ropo rtion of the water holding capacity of the soil. When this optimwn pro-
po rtion of wa ter is exceeded or reduced, the development is retarded. The 
influence of the proportion of water in the soil also affects the length of 
the p eriod of growth which is generally shorter as there is less and longer as 
there is l!Xlre water in the soil. The chemical composition of the plant appears 
to be influenced l!Xlre or less by the amunt of water at its disposal in the soil. 
In c a se of cereal gr ains grown under different conditions, it has been observed 
that a relatively low l!Xlisture content favors the development of a glossy grain 
with relatively high nitrogen content, while with l!Xlre l!Xlisture the texture of 
the g rain is looser, l!Xlre mealy, and with less proportion of nitrogen. In 
g eneral, the amunt of favorable quantity of soil water for the growth of plants 
is from 60 to 00 per cent of the total quantity which the soil is capable of 
holding. \Vi th too much as well as with too little the crop is reduced. 
AS already mentioned under soil moisture, water present in capillary form 
in the soil is utilized by the plant. This usable water in the soil ranges 
from about 7 to 12 per cent of the weight of the soil for sand, 10 to 15 per cent 
for loams, 'and 15 to m per cent for clays. 
Not all the water which soils will retain is available to plants . A certain 
amunt must be kept over spreading the soil g r ains which the roots of the plents 
are unable to use . Those soils yield their moisture to the plant m:>st complete~ 
whose grains have the largest diameter, or rrore precisely which have the smallest 
internal surface to which the rroisture may adhere and one which it is spread. 
The light soils have low and heavy soils high wilting points due to this varia-
tion of thickness of rrois ture film or soil particles . The various forms of 
water in the soil and their avai lability to the plant can be illustrated diagram-
atically in the following figure : 
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Hygroscop i c Coefficient ten to capillary point Maximum capillary capacity 
Dry Soil Hygroscopic ~/ {Optimum lfater Content ~ 1 Free water Saturated 
1 t {~Available moisture---;;> 1 
Vlil ting point 
The best moisture condition in the soil for plant development lies between 
tento and Maximum capillary points. The optimum moisture for common field 
crops in general covers a range from €0 to €0 per cent of the water capacity of 
the soil, which shows relatively high percentage of moisture necessary for 
maxinrum crop growth. Granulated condition of the soil bas considerable influence 
on the range of op timum moisture conditions and, therefore, in moisture conser-
vation and control a granular soil is one of the first i mprovements to be aimed 
at and t his can be done by good tillage, drainage, addition of or ganic matter, 
etc. 
WATER REQUIRJ!JimTS OF CROPS 
A common way of expr essing the water requirements of plants is to state 
the number of pounds of water required for the production of one pound of dry 
matter. A large number of experiments bave been made by different investiga-
tors to determine the amount of transpiration. The results obtained are as 
follow: 
Crop 
lt'heat 
oats 
Barley 
Rye 
co rn 
sorghum 
Beans 
Peas 
Clover 
Lucern 
:iane 
potatoes 
Sugar beets 
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water Requirements of Crops by Various Investigators 
: Lawes :WOllney :Helliiege.l: Kiii{l; :Widtsoe :Leather :Briggs & 
:ROthamstal! MUnich,: !)a.hme, :Wisconsi~ IPgan, Pllsa, : Shantz, 
:England :Germany :Germany U.S .A. utah India :Colorado 
235 359 545 554 507 
665 401 469 514 
258 774 297 388 468 539 
377 724 
233 350 385 337 359 
437 306 
214 
235 416 292 477 843 553 ~ 
709 
1068 
912 337 441 
423 .. 448 
497 337 
These figures show that the amount of water transpired is vary large and 
indicate not only the variation between crops, but also the great effect of 
climate and soil on transpiration in different countries. The quaDti ty of 
water transpired varies with the leaf surface of the plant and with the leii{l;th 
of the period of growth. With a given plant it is small in the earlier periods 
of development, increases with leaf development to a maXimum, decreases again 
as the plant ripens and its vegetative functions become less active, and finally 
stops. Among the field crops the fodders, due to the large vegetative growth 
and close st~~d, consume the most water. Then come the legumes and oil plants 
and the l ast are cereals . 
The wotrk done a t the utah station by Dr. Widtsoe shows that transpiration 
equivalent for a given crop on t he same soil can be made to vary greatly by, 
(1) cultural treatments, (2) fertilizers, and (3) the a.m:>unt of water applied. 
(1) Cultural treatments -- The effect of cultivation is shown by 
the following average figures of three years obtained for corn crop s at the 
Utah EXperiment Station {33). 
Soil 
sandy loam (cultivated) 
do (non-cultivated) 
Clay loam (cultivated) 
do (non-cultivated) 
Clay (cultivated) 
do (non-cultivated) 
:Transpiration ratio 
252 
€03 
4.28 
535 
582 
753 
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Th ese results show that cultivation reduces materially the amount of 
wa ter that must be transpired by a plant for the production of a certain 
definite quantity of dry matter. This pheoomenon emphasizes the importance 
of careful and thorough tillage of the soil. 
(2) Influence of fertility on transpiration-- The amount of 
ava ilable plant food is also concerned in the ecooomic utilization of water. 
utah Ex:periment Corn Crop (33) 
Treatment and transEiration ratio 
$>11 None :FOtash :Phos;Eha'*': Nitrate : K & N X&P N&P :K & P & N 
sand 1012 686 735 555 671 178 459 
LOam 357 ::08 391 471 450 333 339 ::03 
Clay ::06 292 375 385 2E() 383 
These results show the marked effect of manure on the ratio and this is the 
aost important factor noticed in relation to p l ant transpiration. 
(3) Eff ect of soil llXlisture on transniration 
utah Ex:periment (33) 
Effect of saturation on Transuiration 
Soil cro;p saturation Transpiration ratio 
sand V(heat 8% 1733 
do do 15% 2861 
Clay do 15% 1127 
do do 25% 1142 
Nebraska EXPeriment (20) 
The Effect of Soil Moisture on Transpiration (Corn) 
Soil Mo isture 
Percentage of total 
capacity 
100 
80 
€0 
45 
35 
Transpiration ratio 
290 
262 
239 
229 
252 
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These data show clearly that an increase in the mci sture content of a 
soil usually results in an increased transpiration ratio and thus an excessive 
amount of water in the soil is not a favorable condition for the efficient use 
of water . This is due to the fact that in · case of high saturation the moisture 
film in the soil is thick, and thus the water moves with freedom. The plant in 
a given time and with the expenditure of a given amount of energy will obtain 
a l arger quantity of water than would be possible if the film were thin, thereby 
offering greater resistance to the moving water. This fact implies that plants 
are not able to regulate the amount of water taken up by the roots but rather, 
assuming all other factors to be uniform, t he rate of transpiration varies with 
the ease with which water may be obtained. If this be the case, plants may 
easily wa ste water if it is heaped in the zone of root growth unless, indeed, 
the rate of growth be p roportional to the use of water, a condition which does 
not appear to be true. As soil moisture may be controlled this waste may to 
a c ertain extent be eliminated. 
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WATER REQUIREMENTS OF CROPS FOR MAXIMUM YIELDS 
From t he p ractical point of view generally the main consideration of the 
farmer is to get the largest possible yield per acre. 'Ib know the affect of 
various quantities of water on the yield of the crops, experiments were carried 
out on the various experimental irrigated farms and the results obtained are 
giv en a s follows: 
Effect of 'J)::>tal Depth of Irrigation water on the Yield of Crops 
Dep th of 
irrigation 
water in 
5 
6 
6. 5 
7.0 
7. 5 
8.5 
10 . 0 
11.0 
1 2. 0 
13.0 
13 . 5 
14.0 
15.0 
15.5 
1 8. 0 
20.0 
~.0 
24. 5 
25.0 
26. 5 
30.0 
36. 0 
39.0 
45.0 
48.0 
(8) : (39) : (36) : (36) : (2) (21) 
:tucern bay : Wheat yie.~.<l( Barley :Oats yield: potatoes SUgar beets 
:yield per : per acre :yield per : per acre :Yield per : Yiel d per 
:acre - tons:in bushels : acr e in bu1in bushels:acre intons:acre in tons 
6. 5 
7. 2 
8 . 32 
9 . 38 
9 . 38 
8.87 
35.55 
45 . 00 
46 .90 
50 .12 
43 . 39 
68.76 
67.66 
66 .15 
62. 39 
62. 28 
54.76 
71.54 
00.70 
79.06 
3.67 
9.30 
5 . 97 
6.47 
8.37 
18.54 
24.20 
19.95 
21 . 32 
20 .95 
These results show that in general the yield increases with the incr ease of 
irrigation water until a maximum is r eached. .A.fter that, further addition of 
water has a declining effect. The application of !lXl re irrigation llXlisture in 
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t he soil t han the op timum r equ irement of the crop has also other depressing 
eff ects, such as increa se in vegetative growth, quality de teri or ation, g reater 
suscep tibility to dis ease, delay in ripening, till ering diminished, and the 
p erc en t age o f p rotein content decreased. 
Fro m the exper i ments carried out at utah (22), m:>re t han 30 acre inches 
usually reduced the yiel d of all c rops grown excep t alfalfa which con tinued to 
r e turn i ncrea sed yield up to EO inches or m:> re of applied water. 
EFFJroT OF IRRIGATION ON CROPS 
under prop er conditions of water supply, p roductive land and available mar-
kets, irrigation is really attractive . Average crop yields are relatively high 
in irrigated regions and crop failures a r e rare. Irrigation provi des the farmer 
an extr aordinary control of the qualit y of his produce, a factor of g enuine 
merit , especially in frui t and vegetable growing . The plants respond quickly to 
irriga tion and the life p rocess es of p lants growi ng on irrigated l and become very 
active as soon as water is appli ed to the soil. Assimilation and all other 
processes favoring g rowth a re especially rapid aft er each 1 rri gation, gr adually 
diminishing in intensity and almos t ceasing before the next irrigation. In Utah 
experiments (35) it was found t hat during t he first week after irrigation of peas, 
m:>re t han 500 pounds of d r y matter were added to t he weight; and of oats, m:>re 
than 700 pounds of dry matter were added to t he acre. This clearl y sho ws that 
t he crops respond r eadily to t he application of water. In everyexperiment conduc-
ted to see the aff ect of varying quantities of water on grains, it has been found 
t ha t whi l e the length of the plant and the number of seed bearing stalks increase 
as the water increases, there is a limit to this correlation. The increase due 
to the increased irrigation continues only up to a definite limi t beyond which, 
if m:>re water is added, a diminution occurs and the plant becomes shorter, the 
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seed bearing stalks less developed with fewer seed, and growth is arrested. 
Many experiments have been conducted which deal with the proportions of 
the heads in g rain crops as influenced by varying quantities of water. In 
the Utah experiments it was found that as t he total quantity of irrigation 
water was increased, the proportion of heads in t he plant above ground decreased 
with wheat from 38 to 25 per cent, with oats from 59 to 49 per cent, and with 
peas from 67 to 48 per cent. In every case it was seen that the Il() re water 
applied, the emaller the proportion of heads in the whole plant . 
Table showing (35) percentage of grain in harvest 
Depth of 
water A;pplied lf'neat Oats Barley Corn 
in inches 
5.0 - 7.5 44.45 % 64.54% 50.76 % 51.69 % 
15.0 40.83 62.55 47.09 47.92 
25 . 0 - 35.0 38 . 65 38.27 43.55 
45.0- 50.0 32.89 57.63 
The fertile nature of the soil, the favorable climate , and the supply of 
irrigation water lead to intensive me thods of cropping , to specialization in 
production , and to many cooperative enterprises . These intensive practices and 
the close personal association involved promote a high intellectual and social 
standard in the co~~ity. 
THE TIME OF IRRIGATION 
The time of irrigation is largely determined by the condition of the crop 
and the !!Disture content of t he soil. young plants ase less water than do the 
larger and stronger plants some weeks older, and the mature plants, the life 
activities of which have ceased, has very little need of water . It is of prime 
-39-
i mpo r t anc e for obtaining t he best results that t he soil be well filled with 
IOOisture a t t h e ti me of p lanting . The water transpired by crop s is genera lly, 
tho~h no t a lways, in p roportion to the rate of growth. water lost by evapor-
ation fro m t he soil increases and decreases largely in the same proportion 
because t he conditions that determine the rate of plant g rowth also determine 
t he r a t e of direct evaporation. The plants require little IOOisture in the 
earli er period of growth, due to the development of the root system and slow 
above ground g rowth , but as the rate of g rowth increa ses, the rate of adding 
wa t e r must be increa sed until the period of seed formation app roaches when the 
suppl y may again be diminished. 
I n irrigated tracts, the water supply being more or less under the control 
o f the f armer, moisture should be supplied to t he soil according to the need of 
t he c rop . A. s er i es of experi ments were conducted at the A.gricul tural EXperiment 
station at cornell University (15) to see the effect of soil moisture on wheat 
crop . 
The life o f the plant was divided into three stages as follow: first, from 
planting until the plants had five well develop ed leaves; second, from the five-
l eaf stage until the swelling of the culms showed the development of the head 
(popula r name, "boot stage"); third, from the boot stage to maturity. The soil 
used wa s clay loam and the water holding capacity of the soil was about 45% of 
its dry weight. The results were as follow: 
Effect of High and of IPw M:>isture at Different stages of 
Growth on the Length of the various Growing periods in 
Wheat 
percentage of soil moisture :nays from : Days from :A.verage number of 
First :second Third :heading to :planting to :days from planting 
stage St~e stage maturity maturity to headiiJE!; 
:!() :!() :!() 47.3 3:)8.3 161.0 
:!() 30 15 44.7 3:)5.3 100.6 
:!() 15 15 47.0 3:)4.0 157.0 
15 15 15 48.3 212.3 164.0 
15 15 :!() 53. 4 214.7 161.3 
15 :!() .. 15 45.7 3:)7 .7 162.0 
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on examining the number of days from planti ng to heading, it will be s een 
that the plants receiving low moisture all the time were slowest to head while 
those receiving hi gh moisture up to the five leaf stage and low moisture all 
t he time after that stage were first to head during both years . Lowering the 
moisture at the end of the first stage hastened beading l!Xlre than did lowering 
it at any other time or keeping it high. The period from heading to maturity 
was cut short by changing the soil mo isture from high to l ow at the boot stage, 
while changing it from low to high at the same time lengthened the period. 
When the to tal time from planting to maturity is considered, nearly the same 
relation is seen to exist as in the period from planting to heading. 
Effect of High and of IPw M>isture During Different 
periods of Growth on the Dry Weight of Grain, 
Straw, and Roots of Wheat 
percentage of soil moisture: weight per pot(in grams) :Ratio of: wt. of :Ratio of 
First :Second Third :Grain & :straw to: :lxlots tops to 
stage stage stage Grain straw straw grain (gms) roots 
30 30 30 9.94 34.94 44.88 ~~ 1 5.41 9.1 1 
30 30 15 8.55 31.98 40.53 3.7 :1 6.76 6.1 1 
30 15 15 8.24 26.40 34.64 3.2 :1 6.06 5.9 1 
15 15 15 4.14 15.75 19.89 3.8 :1 5. 99 3.3 1 
15 15 30 7.25 ::n. 66 27.91 2.8 :1 5.73 5.0 1 
15 30 15 7.38 25.81 33.19 3.5 :1 8.58 3.8 1 
From the above table it is seen that t he greatest quantity of grain, as 
well as of straw, was always produced on the soil receiving 30 per cent moisture 
during the t hree periods, while the leas t quantity was pro duced on that receiving 
15 per cent. When the soil humidity was maintained at 30 per cent or at 15 per 
cent during all periods there was nearly four times as much straw as grain, but 
raisi ng or lowering the humidity at any time affected this ratio. The treatment 
givi ng relatively most grain was that in which the moisture was kep t at 15 per 
cent during the first two periods but raised to 30 per cent during the third; 
whi le in the t r eatment giving relatively least grain the moisture was kept at 
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15 per c ent during the entire growth of the crop. Those pots receiving 
high moisture a t first and low moisture later always p roduced proportionately 
more straw t ban t hose receiving low moisture at first and high moisture later. 
The weight of roo ts was lea st in the soil receiving ZO per cent misture con-
tinuously and g reatest in that with 15 per cent in the first and third period 
and ZO p er cen t in the second period. The ratio of tops to roots was very much 
aff ected by the moisture treatment, being nearly three times as great in the 
moist a s in the dry soil. The moisture received during early periods of growth 
was more i mportant in influencing this ratio than that received later. These 
results bring out clearly the facts that the moisture variation in the soil at 
t he different stages of the crop has marked effect on the growth of the various 
parts and yiel d . 
The next poin t to be considered is the moisture content of the soil, as 
fundamentally the time of irrigation is greatly dependent on available soil 
II'.Oisture. In order to afford satisfactory growth of crops the soil should have 
necessary moisture to prevent wilting. If a soil upon which a crop is growing 
is thoroughly sa turated with water by irrigation, the soil will become tempor-
arily wa ter lo gged and unsuited to the growth of plants. I n a short time, 
however, under field conditions, depending upon the texture of the soil, the 
nature of the subsoil and other factors, the excess of water will be carried 
off by gr avity, evaporation, or otherwise and the soil will reach its field 
carrying capru::ity with respect to water. crops will now grow in this soil and 
draw water therefrom until the water content is diminished to a ~~rly definite 
percentage. This p ercentage is called the wilting point and while it varies 
widely with different soils for all plants, it is fairly constant for all plants 
with any particular soil. If the percentage of water falls below and is main-
t a ined belo w this po int, nearly all plants will wilt and die at approximately 
t h e same p erc entage in th e same soil. The optimum rroisture content of a soil 
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is often expressed as the "no isture equivalent", which is an empirical constant 
representing the water that is held by a soil against a centrifugal fo r ce of 
1000 g r avity exerted for a pe riod of thirty minutes. The water that is included 
in t he soil from its field carrying capacity down to its wilting percentage may 
be considered the available noisture of t he soil. 
The iz·rigation, therefore, should be applied when soil and crop indicate 
the need of water. some farmers det ermine this period by the color of t he 
plants which turn dark green when in need of water. Others examine t he first 
few inches of soil and learn by this method when t he crop needs 'water. Still 
o t hers contend t hat the crop should be i r rigated at regular intervals whether 
the crop needs it or not. The last method of determining the time to irrigate 
is no st defective and t hus the crop generally receives a g reat d~l nore water 
than is r equired and t h e yi eld and quality of pro duce are often greatl y affected 
by this practice. 
Irrigation should only be applied when t he noisture content drops to near 
the wilting po int for t he particular soil and in sufficient anount to fill it 
up to the maximum field capacity. A. sandy loam or clay loam which has a good 
retentive power for soil noisture will not receive frequent irrigatio ns, where-
as porous, coarse, sandy or gravely soil ' which has little retentive power will 
requi r e frequent irrigations. The frequenc y of irrigation must be largely 
dependent on the quantity of water whic h it is p racticable to apply with mini-
mum losses of evaporation and deep percolation beyond t he feeding zone of plant 
root s. Light irrigations applied frequently maintain in the surface soil a 
higher degree o f rooi sture for a long er period t han heavy irrigations applied 
less frequently and t herefore increa se the evapora tion loss. on t he other 
hand, very heavy irrigations will caus e greater percolation losses, especially 
in non-retentive soils. on retentive soils it i s p racticable to largely 
eliminate deep percolation losses but on sandy, open soils it is frequently 
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impracticable to apply only the moisture which can be retained by the soil. 
HOwever, by proper irrigation methods the deep perco l a tion loss can b e much 
reduced. 
Ml!lrHODS OF mRIGATIOl!l 
The efficiency of irrigation can be defined as the ratio of that portion 
of the water ac tually utilized by the crop to the total quantity applied to 
the land. The farmer's endeavor should be to make this ratio as high as 
possible and one way of accomplishing this object is to avoid losses of water. 
When t he water is applied to the land, most serious losses are due to 
direct evaporation from the surface and seepage ·oelow t he root zone. In all 
irrigation me t hods the idea should be to check these losses. 
There a r e three established methods of app lying irrigation water. The 
first, and per hap s theoretically the most satisfactory, is sub-irrigation. 
To accomplish this a syst em of p i p es with boles at proper intervals through 
which the water enters t he soil may be placed beneath the surface, or, under 
certain natural conditions, a layer of clay or hard pan underl ying a. light sandy 
or loamy soil may s erve to retain the liXl isture within reach of the plant roots. 
/ 
In the latt er ca se the water passes in a ditch along the edges o f the field, 
penetrates the loose top soil, and l!X)Ves along the i mpervious layer t h ro ughout 
the whole extent of the field. Sub-surface irri gation is advantageous primarily 
because there is no loss by direct evaporation. I t is, however, a me thod of 
very limited application . If the pi pes are laid underground the outlets soon 
become clogged with plant roots. The na tural conditions tha t permit of sub-
irr i gation exist in only a few localities and, ther efore, natural sub-irrigation 
cannot be widely appli ed. 
Surface irrigation, the usual me thod of applying water, falls into two 
distinc t sub- heads -- by means of flooding and by use of furrows . I n the 
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former case the water is spread over the whole field until the soil is com-
pl etely covered, In the latter, furrows are made in the soil and the water 
turned into t hem . 1'/hile the water is being applied to the surface in flooding, 
evapo r ation occurs first from the water layer and next from the roist topsoil. 
I n furrowi ng , the water covers only half or less as much ground as in flooding 
and hence evaporation is reduced. There is little disturbance of t he top soil 
and baking is largely eliminated. 
The seepage loss from irrigated land is greater and severer than evapora-
tion. It is particularly severe on light soils. It could be avoided to a 
large extent if no more water were applied at each irrigation than the arount 
that can be h eld by the soil within reach of the plant roots. An ideal irriga.-
tion consists in applying the right am:>unt of water, evenly distributed over 
the field. In places 'l!here crop fields are laid out in long strips, water 
turned in at one end requires from one to three hours to traverse a land field 
to its other end, As soon as the water reaches t he other end, the water is 
turned to another land. por one or two hours, then, the head end of a land 
gets water, part of which soaks do>mward beyond t he reach of and beyond the 
needs of t he plant roots, while at the far end the land receives water only for 
tests 
a few minutes. This is not an ideal irrigation. Several/of the evenness of 
distribution of the water were made at the Arizona EXPeriment Station (28). 
In one case on heavy loam it was found that the percentage of soil ooisture at 
the head of a field for 6 feet depth was increased from 24.1 to 26.3 per cent 
by a four-inch irrigation, while at the tail end the soil m:>isture was increased 
from 15 .4 to 18.2 per cent. In another case on sandy loam , the soil m:>isture 
at the head end was increased from 14. 3 to 21.1 per cent and at the tail end 
from 8 . 3 to 12.2 per cent. In both cases, therefore, the head end hall oore soil 
roisture before irrigating than the tail end had after irrigating - a prepos-
t erous condition. Many similar cases have been observed in tucern irrigation and 
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in f urrow o rchard irri gation where t h e quantity of water absorbed a t the head 
end of t he furrows was found to be excessive and wasteful. When these condi-
t ions exist, t he remedy is more rapid application of the water by means of a 
larger head, shorter runs, or steeper slopes. percolation is greater when the 
soil is coarse t han when it is fine. ]Orders should be comparatively small on 
coa rse soils so as to irrigate quickly. The damage from excessive irrigation 
and con sequent water logging of the soil is particularly great on shallow soils 
and, t herefore, borders should be narrow and short. rn california, Arizona, 
and Utah the border practice as to size and the head of water varies with the 
soil t ype. On sandy loam soils borders are ZO to 50 feet "wide, from 330 to 
133) feet long, and the head of water from 5 to a:> second feet. on clay soils 
the width is from 40 to 100 feet, the length from 660 feet to 13a:> feet, and 
the head fro m 3 to 5 second feet. The small head on heavy soil is ecor.omical 
because !lXl re time is required for the water . to soak into the soil. 
Th e final adjustment to obtain an even distribution should be made by 
varying the head of water in each land or in each furrow because it is the 
ea siest to make. The head of water, if it is large, should be divided into 
unit heads of such size as to give uniformity of irrigation throughout the 
leng t h of furrow on land. 
ICON:)LIIC .A.SPE:JTS OF IRRIGATION 
DUTY OF WATER 
The term duty expresses the relation between the area of land irrigated 
by the use of a g iven quantity of water. The duty of water is spoken as high 
when the area irrigated by a certain volume of water is comparatively large 
and as low when the area is co mparatively small. r n order to express the duty 
of water, various units of measurement of irrigation water are used, but the 
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!IX)St co!Tl!lXln measure is one cubic foot per second, or one cusec, which may be 
defined as a volume of one cubic foot of water liDVing at the rate of one 
lineal foot per second, The duty varies very greatly and the chief factors 
which influence this are: 
(a) The kinds of crops and diversification of crops. Some crops 
require !IX)re water than others. The growing of a single kind of crop will 
create a comparatively short per~od of maximum demand for water which will give 
a low duty for this period; while the growi ng of a variety of crops which have 
different water requirements and different periods of maximum demand will create 
a more constant demand and thus increase the duty, 
{b) The p reparation of the land, method of application of wate r, and 
the skill of the irrigation. poor p reparation of the land will cause water to 
acc1lmlllate a t certain places and thus unifrom distribution is not ob tained, 
In some cases water is lost by run off. Irrigation through furrows which are 
too long or by flooding over too great a distance when the irrigation stream is 
too small causes a l a r ge excess of water at the upper end which is lost by deep 
percolation . The practice of rotation, which permits the use of large irriga-
ting heads for short periods, will decrease percolation losses and increase the 
duty. careless irrigation will often produce an accumulation and waste of 
water at the lower end of fields or furrows. In furrow irrigation, unless care 
is taken in the division of water between furrows, there will be unequal distri-
bution. Deep furrows expose less water and wet soil to the air and decrease 
the evaporation loss. Thorough cultivation of heavy soils as early as possible 
a fter irrigation decreases evaporation losses and reroves weeds, 
(c) Climate: precipitation, temperature, humidity in the air, wind 
movement, all have so me effect. The rainfall and its distribution are i mpo rtant, 
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An increase in temperature and in wind zrovement will increase the soil evapor-
at ion. 
(d) Character of the soil- sandy soil will require two or t h ree 
times more water than clay soil. On a fertile soil less water is required 
than on a de9 leted one . 
( e) The value of t he water, me thod of paymen t for v~ater, judgement and 
lmowledge of the irrigation. A high cost of water leads to higher duty. V/hen 
water is sold on flat charge per acre of land cropped independent of the amount 
of water used, it is the tendency of the farmer to use an excessive amount of 
water and the duty is low. On the other hand when the p rice of water is based 
on the quantity actually used, careful irrigation practice prevails, resulting 
in high duty. 
The improvement of land by the addition of farmyard manures, by the grow-
ing of leguminous crops, and by using a proper system of crop rotation is one 
of the most potent means by which the duty of water can be increased. The 
effects of these factors were noticed at the Agricultural :EXPeriment station 
of Idaho (39) and the results obtained are given in the following tables: 
Treatment of SOil 
unmanured 
Manure<f 
: NO of 
:Number of :Total wa•et·: Yield oats: yield straw :BUshels 
:i rrigati01S:acre feet :bushels per: Tons per :g rain per 
4 
3 
Total 
1.015 
.857 
acre acre :acre ft.walEr 
49.38 
83.11 
.655 
1.181 
48.65 
96.98 
:Yield barley Yield straw: Bushels grain 
Kind of soil :irriga tion~t water bushels Tons per acre 
ac re feet: ;t:er ac re ;per acre : foot water 
New soil 3 1.678 33.02 .79 19.68 
.. 
Lucern sod 3 1.061 84.87 1.15 79.99 
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It has been observed that low duty has in many instances caused lands to 
deteriorate and has reduced their productiveness ; whereas on lands where great 
economy in water application has been undertaken and thus duty has been main-
tained high, better condition of the soil and greater productiveness have re-
sulted. The best studies in the subject lead to the belief that the differences 
in the duty of water lie mostly in the practices of the farmer. The irrigation 
farmer usually feels that he has insufficient water and he therefore labors 
under the impression that the more water he can give his crops the greater will 
be the reward. The result is that he overirrigates to t he detriment of his 
crops. Mo st plants of economic importance to t he farmer are sensitive to 
water. If an excess is applied,smaller yi elds are expected. The investigations 
(22) carried out at utah and other places make it clear that the best quantity 
of water to be used for the various crops ordinarily grown is between a:> and 
30 acre inches. When more than this amount is applied, not only does it affect 
the yield per acre, but also the quality of the crop produced. Therefore, it 
is essential for the farmer to be moderate in the irrigation of crops. :By this 
economical use not only may the yield of crops be good, but also some water can 
be saved to cover other a reas. The water must be used to cover the largest 
possible area consistent with economy so that more men may be given employment 
and mo re families maintained upon the irrigated lands . 
S.A.VING OF 1'/AT:ER :BY CULTIVATION 
.A.rnong the cultural processes that reduce the rate of loss of water from 
the soil, none is mo re i mpo rtant than plowing and from the point of view of 
the irrigation farmer this operation has distinct advantages. Plowing permits 
the easier descent of water into the soil and consequently a more rapid and more 
uniform distribution throughout the soil. This results in a smaller rate of 
loss . I n additi on, t horo ugh and careful plowing at the right time of the year 
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gives every soil activity more freedom which results in more available plan t 
food for the next crop. The frequent cultivation of the soil reduces the 
direct evaporation of water from its surface. 
Many experi ments at the Utah farm have been carried out to see the 
effect of cultivation on direct evaporation and water cost of dry matter . 
The results are a s follow: 
soil Treatment Transpiration of corn 
IPam Cultivated 428 
do uncu1 ti vated 535 
Clay cultivated 582 
do Uncultivated 7[() 
This shows 'the favorable effect of cul ti vat ion as regards the great re-
duction in the water cost of dry matter. In another experiment on the Utah 
farm the effect of cultivation was observed on the field scale on a corn 
crop (37): 
water applied 
in inches 
NUmber of :Yi eld 
irrigations :Per acre: None 
cultivation treatmen t 
:2d day after :4th day :7th day 
:irrigation &:and then:and then 
: then weekly weekly weekly 
4 : dry ma'o-: 
:ter in 13552; l42J5 15274 13809 
lbs, 
These results are unique as they seek to establish the valuation of 
cultivation, The largest yield was obtained when the first cultivation occur-
ed four days after irrigation and weekly thereafter; the next largest yield 
when the first cultivation occurred the second day after irrigation and then 
weekly, and the smallest yield when the first cul tivation occurred the seventh 
day after irrigation and then weekly. That is , when cultivation occurred too 
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soon aft er an irrigation, the soil did not pulverize p roperly but tended to 
puddle and a poor soil mulch resulted. Likewise, when as long a time as 
seven days elapsed before t he first cultivation, t here was a distinct loss in 
the yield of dry matter. The ti me for the first cultivation seems to be very 
i mport ant. Following each irrigation it should be performed immediately after 
the dange r of puddling the soil is past. 
SAVHlG OF WATER BY MANURnm 
The available plant food of the soil has a direct effect not only upon 
the yield, but also upon the transpiration. 
A series of tests were undertaken to determine this effect on the Utah 
farm and the results are as follow (33): 
Corn crop (loam soil <n% saturation) . pounds of water 
transpired per one pound of dry matter . 
Nothing 
added 
908 
4 lbs. 
manure 
613 585 257 
.1% 
ICl 
848 
This shows t hat the quantity of water required to produce one pound of 
dry matte r is g reatly influenced by the plant food in the soil. 
Diffe r en t substances influence the transp iration ratio differently. 
Acids, for i n stance, tend to accelerate transpiration and to increase the 
r a tio. Alkalis have the opposite effect. time, potash, nitrates, and phos-
phates t end to reduce the water cost of dry matter. Of first i mpo rtance are 
the nitrates. Therefore , the maintenance of nitra tes in the soil is undoub-
tedly o f p rime i mpo rtance in reducing the water needs o i crop s . Increasing 
the concentra tion of the soil solution reduaes the transpiration ratio only 
when the substances h eld in solution in the soil moisture are true plant foods . 
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On alkali lnds,which ordinarily contain chlorides, sulphate s and carbonates of 
sodiwn, and o t her substance s of a non-nutrient character, crops cannot be p ro-
duced at a l ower water co st t han on soils containing less soluble matter. 
]lOuyouicos ( 3) showed t hat a solution of comrron salt or sodiwn su l phate 
or other substances not directly plant foods, reduced the rate of transpira-
tion but did not diminish the water cost of the resulting dry matter . 
The irrigation farmer who wishes to have an economical use o f wat er must 
bear i n mind the effect of fertility and, therefore, always keep the soi 1 in 
such condition by cultivation, manuring, rotation, etc. 
CONTROLLING WEEDS 
weeds cause losses to the farmer in many ways . TO the irrigation farmer 
t he greatest harm done is the robbing of soil rroisture that shouil!d go to the 
main crop , Scientific 'IIOrkers have determined wat er requirements of some of 
t he comrron weeds and t hey have concluded that such weeds drain heavily on soil 
llXl i sture . Th e comrron sunflo wer ( 25) requires about t wic e as much water to 
produce a pound of dry matter as does corn. Thus the damage done by weeds is 
enormo us and it should be t he dut y of t he farmer to always keep them under 
check. various methods are known to eradicate weeds. Crop rotation and culti-
va tion are the best known me t hods of controlling weeds. such practices insure 
good crop yiel ds and a t the same keep weeds in check. 
METEODS OF DELIVERY 
The p roper delivery of the irrigation water to the various u s ers i s c. very 
i mpo rtant p roblem on an irrigation projec t. EaCh irrigation mus t receive enough 
wat er and at such a time so that he may get a good crop every year. The success 
of an irrigation enterprise depends upon t he successful system of delivery of 
water under the canal. 
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There a re three general metho ds of delivering water to fanners: (1) a 
continuous flow of water to the farm during the whole irrigating season; 
( 2) rotational delivery; (3) delivery of water tc the farmer when he applies 
for it . 
under reservoirs where an ample supply of water is stored any of these 
t hree methods can be employed, but in case of canals taken fro m rivers only 
the first two methods are used and the t hird method is practically impossible. 
The metr.od chosen for distribution determines the crops to be grown and 
the areas to be devoted to each. The head of flow has great influence on the 
economical use of water in the field. With a sufficiently large volume of 
water the fields can be covered very quickly and there is less loss by evapora-
tion and percolat ion; whereas in the case of small flow, teo long a time is 
re qui red to cover the field and thus a l arge portion of the wa ter is lost. 
Continuous flow is suitable for large fanns where diversity of crops a re tried 
and thus water can be utilized tc an advantage. on small farms the rotational 
system is always satisfactory as by this me thod the farmer receives a stream 
ca rrying a r a ther large volume of wat er for a certain definite number of hours, 
and during t he time t h e stream is at his disposal he can give hi mself wholly to 
the work of irrigation which means very careful use. Experience has shown that 
t he rotat ional system i s the mos t satisfactory as in t his method the waste of 
water is elimina ted, whereas a continuous flow becomes burdensome and as a 
result some of t he water is often allowed to go to waste . 
Method s of Charging for water -- various systems are used for charging of 
irriga tion water and these have great influence on the economic use of water. 
The most common systems a re : (1) charging according to the area irrigated, 
and (2) sale of water by measure . 
(1) Charg ing according tc the area irrigated. - This system is 
followed all over India in various fonns. In the punjab, t he farmer pays 
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according to the area of the crop matured. There is an enormus waste of 
water by the cultivator in the canal-irrigated tracts of India and it has been 
estimated t hat the arrount of excess water applied to crops, such as wheat in 
( 
Punjab , is from ZO to 50 p er cen t. ·This is due to the fact that the farmer 
has little incentive to economize water. The evil effects of this uneconomic 
use of water are not only confined to the wastage of water, which could be 
us ed m r e pro fitably elsewhere, but they often extend to definite damage to the 
soil . 
(2) Sale by Measure . - The true method and to induce the farmer to 
make every effort in econOmising water is to sell the water by measure at the 
bank of the distributory channel. There are ho ways of selling water by 
· mea sure: (a) the charge by meter, and (b) the charge by mdule . meter system, 
which means charging according to the number of units of supp ly (say foot 
acre) actuallY used, the quantity being measured on a self-recording meter, 
just a s municipali~ies or public companies charge dwellers in tawns for water 
used for domestic purpo ses. .This method can only be applied on a small area, 
not on a big , eixtensi ve scale. In the module system the cultivator pays a 
r ate for the volume of water allowed to pass through a sluice at p rescribed 
iqtervals of time and in sufficient quantity to mature his crop, t he discharge 
of the sluice bearing a ·certain proportion to the area to be irrigated. The 
function of a module is not ' like that of a me ter to measure the volume of 
supply passing through it, but to control it so that when fully open the dis-
charge will be constant and will not rise above or fall below the rate at 
which it is set, whatever variations may occur in the level of the water in 
t h e supply channel or in the drawing capacity of the water course leading to 
t h e . far mer's land. A uniform r ate cannot be charged per unit of supply when 
there is very great variation in the lengths of the channel leading to the 
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consumer 's land, In America the s ystem of charging by module is very comrno n 
and gives satisfactory results. They are applied to channels of much greater 
capacity than t hat of t h e ordina r y Indian village water course, which ordin-
arily varies from 1/2 to 4 cu secs. Mo reover, American fa rmers are much 
bett er abl e to look after themselves and eac h other and to satisfy themselves 
a s to the fairness of the distribution and the correct -working of the oodule 
than the I ndian cultivator. 
EFFJOOT OF ROTATI ONS 
The term "rotation of crops" means a s ystem of farm practice which 
g ro ups field plants with different food requirements so as to give a definite 
cycle of crops in successive order. The main objects of a crop rotation are: 
(1) p revention of crop sick soils; (2) elimination of weeds, insect pests, 
and crop diseases; (3) maintenance and increase of the productivity of the 
field crop by conserving soil fertility. It has already been mentioned under 
we eds and soil fertility t he effects that these factors have on soil moisture . 
The irrigated soils generally lack in organic matter and nitrates; the 
former g rea tly increases the water holding capacity of the soil, whi l e the 
l a tter r educe the IOOi';lture requirements of the crops. The growing of legumes 
in the rotation, therefore, is very impartant for the irrigation farmer as they 
add both humus and nitrates to the soil . Some farm stock raising combined with 
crop growing will furnish manure for making h~us and building up the soil . 
The elimina tion of weeds is effectively accompanied by the introduction of a 
cultivated crop li ke potatoes , The irrigation farmer should include in his 
rc tation: 1 . at least one money or cash crop, 2. one cultivated crop, 3. one 
legume crop, and 4. one feeding crop. 
These crops should be so arranged as to g et the most economical distrib~ 
tion of l abour throughout the year . 
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IRRIGATION OF BASIC CROPS 
CEREALS 
The grain crops are food crops for man and animal and are, therefore, 
usually grown on both irrigated and dry-farm lands. They bring quick returns 
and furnish feed. Some of these also fit very well into every rotation prac-
tic ed on the irrigated areas. 
WHEAT -- It is hi ghly important to prepare a good seedbed for wheat. In 
order to accomplish this and to get a proper amount of misture, where the 
seasonal rainfall is short, a thorough irrigation should be given before plow-
ing. This will put the soil in a good condition and retain proper moisture 
for the qui ck germination of seed at the time of sowing. Wheat is sensitive 
to excessive soil moisture as well as to insufficient quantities . 'Where the 
soil was main t a i ned at 20 p er cent moisture content throughout the growing 
season (10), produc tion was much better than where insufficient or excessive 
moisture wa s present at some period of growth. When normal moisture conditions 
p revail t he crop has a ligh t green color. When it begins to suffer for water 
it takes on a dark green color and the lower leaves begin to fire. :91)r best 
results, maximum growth from seed time to harvest should be maintained by 
cultivation and irrigation. The plant procures from the soil, during its 
early growth, the larger portion of its total weight . rn its later growth the 
seed is being formed largely from material stored in the stalk. Upon the 
early growth depends the future of the plant. Therefore, the farmer must not 
p ermit a lack of moisture occur here. In the later stage lack of misture pre-
vents t he plant from using the elaborated material provided for filling the 
gr ain . Henc e , shrunken grain is the result . Therefore, the farmer should note 
that a greate r amount of moisture is required for the early and late stages of 
g rowth . on the Utah experi mental farm (9) the highest yield of wheat was pro-
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duced with three irrigations of 5 inches each, applied at the 5-leaf stage, 
the early heading stage, and the bloom stage. 
The fi rst irrigation of wheat, therefore, should be given at stooling time, 
the second on the first indication of headi ng, and the t hird when the heads 
ar e fUl ly out, i.e., in the flowering stage. If the soil retains water well, 
this will carry t he grain thro ugh to maturity unless excessive hot and dry 
weather ensues. I f another irrigation be found necessary , then it should be 
given befo re the grain goes out of the mi l k stage as the heads weigh dovm 
heavily and a very strong wind is likely to lodge the grain. 
The quantity of water to be used for wheat depends upon many factors . 
Less water is required on clayey than on sandy or gravely soils. Deep soils 
r equire less water than shallow soils . Idaho experiments (2) have shown that 
in actual practice grains received on medium clays and sandy learns about 18 
inches of water, while on sands or gravelly soil nearly 36 inches were used to 
ge t the best results. MOre water is necessary on new than old land. A high 
temperature, a low relative humidity, and a steady wind increase the water re-
quirements of crops . 
CORN-- This crop t hrives and yields well under irrigation. cultivation 
is veijy essential for this crop and, therefore, the soil should be cultivated 
after every irrigation and this will result in the economic use of water by 
the crop. The soil should be well supplied with water before seeding. The 
young plant draws little water from t he soil and the fi rat irrigation after 
seeding should come as late as possible. AS the plant continues its growth, 
t he irrigation may be increased in frequency. The crop should have eoough 
water a t its disposal at the time of seed formation . Corn is not a wa ter loving 
plant . It will use large quantities of water if available but it does not 
demand an abundance of water to produce a good yield. Like all o ther crops the 
increase in yield is not proportional to the increase in water supplied by irri-
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gation. The followi ng table, tak en from work done in Utah, will illustrate 
t his statement (12) 
Inches of irrigatio n 
water applied 
7.5 
10.0 
15.0 
a:J.O 
25.0 
zo.o 
55.0 
:BUshels of grain to 
the acre 
79 .14 
89.52 
93.93 
91.58 
99 .16 
97.12 
96.78 
From 15 to 25 inches of water has been found to be best for corn. The 
high,e_st yield of corn was obtained in Utah when four equal irrigations were 
applied at the following intervals: (1) when the plants were 12 inches high, 
(2) at the beginni ng of tassel, (3) at bloom, and (4 ) at the maturing stage of 
the g rain. 
!!1Q! -- It is a semi-acquatic crop and requires moist condi tiona and, 
therefore, heavy irrigations. The land under rice is divided into small fields 
separated by dik es to keep the water in. The seed is either sown in a nursery 
first and then traneplanted, or directly sown in the field. I n both cases the 
fields are first filled with water and t he p lanting is done in the standing 
water. When the plants are 6 to 10 i nches high the fi rst irrigation is applied 
and from that time the water is made to stand on the land to a depth of 3 to 6 
i nches uhtil the g rain is in the dough stage, or about two weeks before harvest. 
The land for rice must have goo d drainage so that water may soak quickly and 
fresh water may be applied soon. The leng th of the irrigation season varies 
fro m t~~~:> to three months . The careful investigations of the u. s. Department 
of Agriculture , Office of EXPeriment Stations (4), smw that only from 12 to 
18 inches of water above t he r a infall a re really used by the plant . In one 
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s eri es of experiments about 29 acre inches of water were applied t h roughout 
the s eason to t he field, including rainfall; the evaporation was about 16 
inches, leaving 13 inches tha~ were actually used by the plants, 
:BORAGE CROPS 
In irrigation farming forage crop s are of high importa'1ce as a l!Odern 
s ystem o f agriculture cannot be developed without the aid of livestock husban-
dry. 
ALFALFA OR LUCERN -- This crop is the foundation of successful irrigation 
agriculture in the united states. If the corn crop is the King in u. s. A., 
t h en alfalfa is the queen, This crop thrives best in the soil and climate of 
t he arid and semi-arid regions provided water is available for irrigation. It 
prefers a deep, well drained loam soil, abundant sunshine, and a dry atmos-
phere if its roots are well supplied with water. It is the most valuable 
fodder crop and gives 8 to 10 cuttings in the year where there is no frost. 
Due to its l~~nous nature it does not exhaust the soil. It is the richest 
hay food known. Eleven pounds of it are worth as much for feeding purposes as 
ten pounds of bran. 
Alfalfa requires more water than most crop s due to the character of the 
plant, the rap idity with which it grows, the number of cuttings produced in one 
season, and the heavy tonnage obtained, From the results of experiments (9) it 
has been seen that in localities having an annual rainfall of about 12 inches 
remarkably heavy yields may be obtained from the use of 24 to 30 inches of 
irrigation water provided it is properly applied. 
\Vatter may be app lied to the crop either by flooding or furrowing . The 
fcirmer is more common. FUrrowing is practiced where the water supply is 
limited and the soil surface is liable to be baked after irrigation . As regards 
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the p roper time to irrigate, the general appearance and more par ticularly the 
color of the plant are the b·est guides as to when water is needed. \Yhen 
healthy and vigorous, alfalfa is of a light green color, but when the supply of 
moisture is insufficient the leaves take on a darker and duller shade of green 
and begin to droop and unless water is provided, the stems and leaves wither 
and die . The idea should be to maintain at all times, as nearly as practicable, 
the proper amount of moisture in the soil surrounding the roots of the p lants to 
prevent a checking of t hei r g rowth. 
The yields of alfalfa can be considerably increased if more care is used 
in finding out when to apply water. r n each kind of soil and under any given 
set of climatic conditions there is a certain percentage of soil moisture which 
will give the best results. The number of irrigations required depends upon 
t he depth and nature of the soil, the depth to ground water, the number of 
cuttings, and the rainfall, temperature, and wind movement . other things 
being equal, nnre freq,~ent watering s are required in the warm sections than 
in the cooler portions. 
IRRIG.A.TION OF ORCHARDS 
orchard culture has proved to be the most paying method of irrigation 
farming . care and good judgement should be exercised in the selection of an 
orchard tract. If it turns out well , the profits are high, but if it fails, 
the losses are heavy. rt involves the setting aside of good land, the use of 
irrigation water , and somewhat heavy expenses in purchasi ng trees, setting 
them out, and caring for them until they begin to bear . If the climate and 
soil of the district are adapted to the kind of trees to be grown, the next 
most i mpo rtant things to consider are good drainage and freedom from early 
and late frosts. IPw lands are not considered good for orchards due to the 
seepage of water from high lands after some years and their being subject to 
cold and stagnant air. 
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While expe rl ence has shown that orchard trees of nearly all kinds can be 
successful ly g rown on soils t hat differ widely in their mechanical and chemi cal 
CO!JJ!lOSi tion, it has also shown that certain t ypes of soils a re best adap ted 
to particul ar kinds of trees; e . g ., orange orchards do best on medium grades of 
soil, All fruit trees require deep , ric h , and well dr a ined soil, As a rule 
fruit trees are planted on land p reviously cultivated and cropped . one of the 
best p reparatory crop s for orchards is alfalfa. This vigorous plant breaks up 
the soil and subsoil by its roots, collects and stores valuable p lant foods, 
and when it is turned under at the end of the second or third year, leaves the 
soil in a much better condition for t he retention of moisture and the growth 
of young trees. under irrigation system, peaches should be spaced m to 22 
f eet and average 22 to 24 feet apart. 
The usual method of irrigation is the f urrow method, The number of 
furrows depends on the age of the trees, the space between the rows, the dep th 
of the furrow, and t he character of t he soil. Nursery stock is irrigated by 
one or tro furrows and young tree s by 2 to 4 furrows. A common spacing for 
shallow furrows is 2! feet, while deeper furrows are made 3 to 4 feet apart, 
The general trend is toward deep rather than shallow furrows, a depth of 8 
inches being frequently used , 
Time of Irrigation -- The citrous fruits have a continuous growth . A 
tree while dormant gi ves off moisture, but the amount evapo rated f r om both 
soil and tree in winter is relatively small, owing to lo w temperature, the 
l ack of foli ag e, and feeble growth. The number of irrigations depends on t he 
capacity of the soil to hold water. If it readily parts with its ooisture, light 
but frequent applications will p roduce the best results, but if it holds water 
well, a heavy application at longer intervals is best, especially when loss by 
evaporation from the soil is p revented by the use of a deep soil mulch, The 
results of experiments (29) have shown that where the water is applied to the 
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surface of orchard soils the loss by evaporation is very great so long as the 
top l ayer remains moist. Even in light irrigations this loss in 48 hours after 
the water is put on may amount to from 10 to <n per cent of the volume applied. 
In order to reduce this loss and l!X)isten the soil around the roots of the trees, 
the p ractice o f running small streams of water in deep furrows has become quite 
common. In applying water in this way the top soil remains at least partially 
dry, the bulk of the water soon passes beyond the first foot and the surface 
can be cultivated soon after the water is turned off. 
FOr inter-cropping , a plentiful supply of water and a deep rich soil are 
essential. Shallow rooted plants are considered the most desirable for this 
purpose. Squash, melons, sweet potatoes , ground nuts, onions, potatoes, 
turnips , etc ., are very common in california . A clear space of 3 to 4 feet 
wide is l eft on each side of the young trees . 
OTHER CROPS 
POTATOES-- Next to rice, the potato is the most extensively grown food 
crop in the rorld. It is one of the rost important irrigated crops and if 
carefully cultivated, brings good income to the farmer . It is deep-rooted and 
prefers deep soil and does best on l and p reviously g rown to Lucern . A workable 
loam soil with a good under dr ainage is the met desirable type of soil fo r 
good yield and good quality of potatoes . 
Irrigation is done by the flooding and the furrow method but the latter 
gi ves better results. The soil should have enough moisture a t the planting 
ti me . A well- fined, firm, l!X)ist seed bed affords opportunity for a well 
developed root system by means of which the young potato plants draw sustenance 
from the soil. After planting, jus t as soon a s possibl e, give a good thorough 
cultivation. By cultivation the soil is aerated, weeds are killed, and the 
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mulch produced on the surface checks too rapid evaporation of soil IIOisture. 
As soon as the plants are high enough to distinguish the rows, give a second 
cultivation which \vill give ample air for vigorous growth. In the case of 
potatoes vigorous vine growth is essential to obtain desirable tuber yields. 
pOtatoes never fully recover from a stunted growth in early life. 
The first irrigation should be delayed until the young tubers are set on 
the plant is in blossom. ]!)3.rlier irrigations tend to make shallow rooting, 
sending the tuber beds too near the surface and thus lessening the yield and 
impairing the quality of the potatoes . M:>re "irritation" with little or no 
"irrigation" during its early growing period is what makes the best potato crop 
returns. Yet the young plants must not be allowed to suffer for water. The 
darkeni ng of the foliage is the way potatoes call for water. It is never wise 
to irrigate potatoes by the flooding system as this tends to solidify the 
ground, shutting off the abundance of air which the growing tubers demand. It 
is essential in potato culture that the ri ght quantity of water be used and that 
it be uniformly distributed. Cultivate as soon as possible after the first ir-
rigation as this lessens evaporation and insures a vigorous, uniform root and 
tuber g rowth without serious check. FOr succeeding irrigations , g ive the 
plants sufficient water to keep up vigorous growth but do not over-irrigate. 
The amount of water applied will vary with the kind of the soil and the climate 
of the season. On the Utah experimental farm irrigation experiments were 
carried out and the results are as follows (13) : 
Irrigatio n 
None 
:::011 divided into ten 211 irrigatims: 
:::011 five 4 u 
1511 five 311 
15 11 u three 5 11 
1011 
10 11 
1011 
ten 111 
f iv e 211 
two 5 11 
Yield of tubers 
per acre 
96. 4 bushels 
254 
248 
226 
193 
243 
195 
177 
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This shows that where a limited quantity of wat er was u s ed , l arge r yields 
were obtained by applying it in several small irrigat ions. The suitable 
quantity of water lies between 10 and .25 inche s. Decrea sing or i ncreasing t hi s 
amount gives lower yields , EJ<:peri ments on irrigation of potatoes were carried 
out at the Oregon Agricultural College EXP eri ment station (24) for twelve years 
on silt loam soil, ·The most economical returns were secu red with li ght, fre-
quen t irrigat ions as these p rovided a uniform moisture content and the po tatoes 
did best with a uniform mo i stur e content. Mo reover, t he water cost of dry 
matter was also reduced by the use of a moderate amount of irrigation. Growing 
potatoes on irrigated l egume sod reduced the 1vater requirement by about 25 per 
cent , Heavy irrigation has been found to increase t he !!Disture content of the 
potatoes , causing a higher p roportion of vines to tubers. Proper irrigation 
has decreased the p ercentage of culls. 
COTTON-- cotton is usually a crop for long seasons, warm weather, and 
l ow a ltitudes. The lo nge r the lint of the cotton, the l onger the growing 
season required to mature t he crop , A rich sandy loam soil, well supp lied 
with humus, is best for the gro wi ng of cotton. very light soils are not suit-
able and very heavy soils are unsatisfactory because of their tendency to bake, 
proper p r eparation of a seed bed for cot ton is necessa ry for the best yield of 
lint of a good quality. This p reparation should begin as soon as possible after 
the removal of the p rec eding crop . The g round should be plowed deep and then 
allowed to weat her until within 5 or 10 days of planting time when it should 
be irrigated. The soil should be soaked to a depth of 4 or 5 feet. The best 
seed bed i s one t hat consists of a finely mulched surface 2 or 3 inches in 
depth with a firm mo ist soi l underneath , The p l anting is done in rows~ feet 
apart. With l arge and vigorous g rowing types .of cotton in rich soil, it is 
better to put the rows 4 feet apart. Planting should be done when the g round 
is war m enough to i nsure p ro mpt ger mination and vigo rous seedling plants . 
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With warm ground and a seed bed t hat has been well p r epared , good stands are 
often r eceived from a very small am:>unt of s eed, but the best rul e is to use 
at l east 25 pounds of seed per acre. 
VPland cotton is usually t hinned when the plants a re from 2 to 5 i nches 
h i gh. Delayed thinning hel ps to p revent t he developmen t of vegetative branches 
and has the ef fec t of t hrowi ng the cotton into t he fruiting p eriod.earlier 
than otherwise rould be the case. In Arizona, upland cotton is thinned so as 
to leave the vigorous plant s 10 to 24 inches apart in the row. The wider 
spacings are used on the richer land. 
Much of the success of g rowing cotton depends upon proper irrigation. 
The most i mportant irrigation is made before t he cotton is planted, at which 
time the ground should be so aked to a depth of at least 4 or 5 feet. I f this 
is done and irrigation is then withheld for a considerable time after planting , 
the p l ants develop a deeper root system and are more vigorous and better able 
to withstand unfavorable conditions. Frequent light irrigations early in the 
season result in a shallow rooting of the plants. Sufficient moisture should 
be suppli ed to keep t he plants in a healthy growing condi tion. severe drying 
of the ground after the plants begin blooming causes them to shed buds, flowers, 
and small bolls . Irri gation or heavy rainfall after the plant has been suffer-
ing fo r water stimulates growth which also causes the plants to shed t heir 
bolls . Irrigation should be con tinued in the fall until the blossoming period 
is almo st ended, but it is advisable to allow t he soil to dry out to hasten t he 
maturity of t he crop as t he time for frost approaches. 
The intelligent irrigation of co tton involves a gr eater understanding of 
water requirements of t he plant than is t he case with any other irrigated crop . 
I t is i mpo ssible to give definite rules to govern t he proper intervals of time 
be tween irrigations, but ordinarily during t he early growth watering should 
occur every 4 t o 6 weeks, and during t he fruiting stage water should be applied 
a t i nterva ls of from 10 to 15 days . 
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SUGARCAl.'E -- sugarcane is best adapted to loam soils rich in humus and 
nitrogen. Ft> r planting cane old alfalfa ground is gener ally selected in the 
state of Arizona. If t his is mt po ssible , then some winter legume is sown 
in wint er and p lowed in before planting cane. Farmyard manure is applied on 
the stubble cane and liOrked in with the p low or cultiva tor. Thus soil devoted 
to cane is always treated ever y other year in order to p roduce a profitable 
yield . 
The usual time of planting is March , but it is considered better to plant 
in octobe r than in t he sp ring . If planted in october the winter cold spells 
will not seriously injure the crop, a ltho ugh the top parts may be frozen. 
Meanwhile, t he root systems are expanding and t he plants are, t herefore, mo re 
vigorous when the sp ring warmth app roaches and thus t he length of the growing 
season is i nc reased. The p lanting is done in rows five feet apart with the 
plants as thick in the row as they would naturally come fro m the buds of the 
etalk . FUrrows are opened with a plow f ive feet apart and t he seed cane placed 
in the bottom of the furrow. ordinarily t he stalks are cut i n to small lengths 
bearing at l east two buds. sometimes whole stalks are used, being placed butt 
to tip, slightly overl apping , in a conti nuous line. By either method the seed 
sta l k is covered at f irst thr ee or four inches but later the furrows are level-
ed and finally ridged along the row line. 
I rrigation of Ratoon CroP: Immedi a te irrigation after harvest is consider-
ed t he fi r st and fo r erro st need of the crop. The resiXJnse to t his prac tic e of 
in stantl y i nvi gorating t he old stubble is often marvelous . The secre t of good 
ratooni ng is t h e r api d application of the first water . Therefo r e , the soil 
moisture of ratoons should be brought up as soon as possible. There is a p eriod 
following t his first irrigation until t he ratoons are 10 to 12 weeks old , 
dependi ng on the s eason o f the year, when the cane can withstand relatively 
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longer intervals . At this stage of growth this lack of response is due to the 
small lea f area as there is a direct correlation be tween the cane's need for 
water and the surface of the leaves which are exposed. rt has been actually 
observed t ha t the cane which is less than three months old will suffer least 
with rounds every three weeks up to four weeks, provided the initial irrigation 
has been given promptly . The ratoon crop irrigated in this way starts to make 
stalks when t hree months old. During the next months the water applied is most 
effective as these include the best growing period and the cane utilizes water 
to the best advantage. 
At this stage the cane is provided every favorable treatment and observa-
tions show that fields receiving t his optimum treatment give maximum returns . 
then the cane gets old enough, there is a slackening of the rate of growth and, 
therefore, the big cane is not responsive to frequent irrigations. one cannot 
say definitely just when th is slackening seems to take place as seasons play 
a big role. Close obser vations or measurements are necessary to determine when 
cane has reached the apex of its rate of growth and this varies greatly. Fin-
ally, the cane reaches a point known as the rip ening stage when growth is of 
less concern and the formation of sucrose is of vital i mportance . Gradually 
reducing the irrigation at this stage brings favorable results. Soil condi tiona 
and sea sons of the year with rainfall dictate the frequency of application, but 
it should be as in applying a brake, not too s udden a jol t. 
Irri gation of plant Cane : For plant cane there are no radical differences 
a ft er the fourth month . Previous to this, the i rrigator t should see that the 
cane is firmly roo ted with a solid stand . 
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EFFECTS OF IRRIGATION 
OVER IRRIGATION AND ALKA.Ll' 
In irrigat ed tracts where excessive quantities of water are applied to 
crops, there is always a danger due to t he accu~ulation of excessive salts near 
the soil surface. Irrigation on high lands affects the low lands by causing 
a gr adual r i se of t he wat er p lane until in places what were formerly p roductive 
fields become bogs and marshes . As the soil water evaporates, it becomes !llOre 
and more concentr a ted until the water and soil become so strongly alkaline as 
to check the gro wt h of plants or p revent it entirely, leaving t he ground bare 
of vegetati on but covered with a crust of alkali. These salts, which were 
fo r merly distributed throughout a dep th of many feet, are dissolved by the per-
cola ting water and are carried along until the water comes to the surface and 
is evaporated when t he salts a re depo sited as a crust at the surface. 
Before the land was brought under irrigation, t he rainfall penetrated 
only a slight dep th into the soil and when evaporation too k place, salts were 
drawn to the surface f rom only a small volume of soil. When, however, irriga-
tion water is turned on the land the soil becomes wet to a dep th of many feet. 
1'/hen the soil is allowed to dry up, large quantities of salts are carried to 
t he surface by the upward moving capilla ry water . Although these salts are in 
part carried down again by the next irrigation, the upward movement constantly 
exceeds the downward one. This is because the descending water passes largely 
t hrough t he non-capillary interstitial spaces, while the ascending water passes 
entirely through the capillary spaces. The smaller spac es, therefore, contain 
a considerable quantity of soluble salts a fter the downward movement ceases 
and the upward l!Xlvemen t begins . In other mrds , the volume of water carrying 
the salts downward in the capillary spaces is l ess than that carrying them up-
ward through these spaces . surface tension causes t he salts to accumulate 
l a rgely in the capillary spaces and it is, t herefore, the direction of the 
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principal movement through these spaces that determines the po int of accumula-
tion of the a l kali. 
!JanY of the !lXl st fertile lands of the arid regions have b een temporarily 
ruined by the bringing to the surface of soluble salts in such large qua..'ltities 
that t he g rowth of the crop is prohibited. 
Alkali is made up of anyone or a mixture of the following salts: sodium 
chloride, so dium carbonate, sodium sulphate, sodium nit r ate, and magnesium 
sulpha te . Gener ally no single salt is found alone but the soil con tains a 
mixture of the substances men tioned. As a rule, one group, such as the chlorides, 
the carbonate s or the su l phates, p redominates in a given region. Alkali is often 
!mown as black and white . All the salts are themselves wh ite but sodium carbon-
ate dissolves organic matter from the soil and this produces a black color and 
hence is c alled black alkali . In a similar manner the nitrates produce a brown 
color. The carbona tes and nitrat es also cause a hard surface crust to be formed 
on the soil . This makes the passage of water difficult and interferes with the 
growth of crops . For this r eason black alkali is m re toxic than white. 
Alkali causes injury to crop s by p reventing them fro m absorbing mois ture 
and also by a direct corrosive action. Soils puddled by alkali a re not favor-
abl e to crop growth. They do not allow a free movement of mois ture and they 
are so hard that the plan t is hindered from making its normal development. It 
is very difficult to place any very definite limit to toxicity on alkali soil 
since t his is limited by several factors. The p resence of abundant !lXlisture 
and organic matter, as well as a desirable soil structure, helps to reduce harm-
ful effects. Some salts are less harmful than others; e.g ., sulphates, even if 
p resent in large quantities, cause little injury. In general, soils containing 
more than 0 . 5 yer cent of soluble salts where the l a rger par t is chlorides, 
carbo na tes, or n itra t es, and one p er cent where sulphates p redo minate, are un-
suitable fo r c ro p production without reclamation . 
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crop s for Alkali Lands -- The crops to raise on alkali lands depend on 
the degree of salinit y of the soil and the climatic factors suitable for these 
crops . nate palms are very resistant to alkali and are profitable where high 
temperature is available . Among ordinary farm crops the smaller grains can 
usually be raised with best advantage on alkali lands as they are fairly re-
sistant. There is not a great difference in the resistance of barley, oats, 
rye, and wheat, but t h ey do vary some in resistance according to the order 
mentioned. These crops are surer to succeed as a hay crop than for the grain . 
Ro o t crops such as sugarbeets, while not resistant in the seedling stage, are 
fairly good crops . The legumes do not as a class do well in the presence of 
much alkali; however, sweet clover and alkali make fairly satisfactory crops 
for land of medium alkali content when a stand is once secured. Alfalfa and 
mangels, too, are resistant to some extent. Corn and potatoes are not success-
ful on alkali lands. 
The handling of alkali lands tl4) -- There are two general ways in which 
alkali lands may be handled in order to avoid the injurious effects of soluble 
salts. The first is control and the second is eradication. 
(1) Control- As mentioned above, alkali is !lXlst injurious if con-
centrated near t he surface. If distributed evenly throughout the soil, rela-
tively large quantities of alkali may be endured by plants. This condition 
may be secured by reducing evaporation and thereby p reventing t he rise of 
alkali. The intensive use of the soil mulch is, therefore, to be advocated in 
all irrigation operations. The land should be cropped constantly and prope r 
use of irrigation water should be made. This me thod of control is the !lXlst 
economical, the cheapest and the one to be advocated on all occasions . 
(2) Eradication - This has been mentioned under drainage. 
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RISE OF WATER TABLE AND WATERLOGGING 
water is lost by seepage fro m the fields due to excessive irrigation. 
EVi l follows such excessive irrigations, especially if they succeed each 
other at short intervals. An irrigation app lied to t he soil before the plant 
roots have had ti me to remove the water added in the prevl. ous irrigation re-
t ards the growth of t he crop and soaks down the soil to i ncrease t he standing 
water table . consequently, in irrigated sections where such l osses go on 
uninterruptedly, wa ter rises slowly but steadily until it reaches near the 
surface and the land which was formerly productive becomes bo gs and marshes 
in which the mots of all vegetation are drowned out. 
The waterlogged lands of the irrigated regions form a very small fraction 
of the cultivable land at present, but there is a tendency to increase due to 
excessive seepage losses. It lies within the power of the irrigation farmers 
uni tedly to check this area by wiser me thods of conducting and using water. 
DRAINAGE OF ffiRIGATED LAND 
EXcessive irrigation and the occurrence of underground seepage has re-
sulted in the waterloggi ng and in the serious accumulation of alkali salts in 
t he surface soil. The permanent remedy to relieve land from excess of water 
and alkali is drainage:. Three general me thods of drainage are employed : (1) 
open ditches, (2) under dr ains, (3) pumping for drainage. 
(1) Open Ditches - These are roost satisfactory where the volume of 
wat er to be removed is very large . The general drainage of a region is usually 
carried in open ditches and these are used where the land is exceedi ngl y flat. 
There are many objec tions to open ditches as they waste a considerable area 
of land in the channel and on the banks and interfere with free tillage opera-
t i ons . The cost of maintenance of a system of open ditch es is heavy because 
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of erosion, the accumulation of silt, and the growth of weeds, all of which 
make fre quent repairs necessary. 
(2) under drains - When properly constructed t hese are more nermanent 
and cost less for maintenance than do open ditches . They do not i nterfer e with 
surfQCe op erations . The be tt er grade gives them a relatively larger carrying 
capacity than open ditches have and their grea t er depth below the surface per-
mits much higher efficiency in the remova l of excessive mo isture from the root 
zone . !.!any me thods and materials are being employed fo r under drains; t he 
mode r n under drainage is accompli shed by means of short sec tiona o f p i pe of 
burned clay which are p laced in the ground suffici en tly deep to l ower the 
water tabl e in the subsoil to the desired depth. They are given an accurate 
gr ade and this, coupled with the smooth hard channel which is not subjec t to 
ero sion, makes them a very efficient as well as a very prmanent means of l and 
drainage at relatively small cost . If they are well i nstall ed and of goo d 
mat eri a l they continue to operate fo r centuries with very little attention. 
(3) Dra inage by uumping - This method of drainage promises, under 
favor able conditions , to be more successful than any other previously under-
t aken , and t he apparent ease with which these pumps lower the water table has 
led western engineers to take an unusual int erest i n it. The high first cost 
of efficient t ile or open drainage for alkali lands, toge ther with the frequent 
necessity fo r additional expenditures in removing alkali from the surface of 
t he soil after t he lowering of the water tab le, has r esulted in rather meager 
attemp ts at drainage for this t ype of land in California. 
I t is b.etter, though difficult in practice, to p rev en t land fro m being 
wa t erlo gged than to reclaim it a fter it has reached that stage. The main 
difficulty in this resp ect li es in t he refusal of those concerned to admit that 
all lands irriga t ed f ro m g r avity sys tems a r e potentially subject to drainage 
difficulties . 
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It has long been recognized that in irrigated areas where the water 
supply is obtained by pumping from underground sources within the area irriga-
ted the drainage problem is reduced to a minimum. Continued pumping in such 
cases P~s frequently resulted in a water table reach to such an extent that 
pumps have been lowered . 
Drainage is accompli shed by lowering the water table below the point where 
it can either directly or indirectly cause damage to growing crops and this 
can be done very effectively by pumping. The conditions necessary for success-
ful drainage by pumping are : (1) there must be a direct connection between 
the g round water table near the surface and the deeper lying pervious water 
bearing strata from which the water is pumped. In other rords, the water table 
as first encountered must not be artificial and have a layer of dry or imper-
vious material between it and the normal ground water. (2) The underlying 
water bearing strata must be porous enough to give up their water freely under 
pumpi ng . (3) There must be sufficient water pumped from the lower strata to 
cause that which is near the surface to move downward by gravity to replace 
that which has been pumped. The general effect on the water table should be 
the same whether the water is pumped from the bottom of the reservoir or taken 
from near the top by means of til• or open drains. 
Effect of pumping -- A particularly interesting example has occurred in 
san Bernardino county, California (38) wher e a large acreage operated by the 
American Beet Sugar Company was wet and alkaline. In places during the winter 
months water stood on the land and a few permanent swamps provided duck hunting 
sites . Because of this condition beet pl anti ng was delayed with the result 
that inferior crops were p roduced . This area was tile drained, the tiles having 
an average depth of 6 feet and an average spacing of 660 feet. As a r esult of 
these drains the water t able was lowered, the ponds disappeared, and crop re-
turns were enhanced . During the past few years t his land has become more thick-
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ly settled and rore i n tensively farmed, the water being pumped from wells 
on the pro perty. These wells have so lowered the water table t hat the tile 
now lies abo v e the level of t he ground water and has ceased to flow. Drainage 
is no l onger considered necessary and the pumps raise the wa ter from about 
30' f eet below the surfac e . 
Use of drainage water- When drainage is secured by tile or open ditches 
the wat er is usually not considered valuable and is allowed to waste into the 
rivers. With pumping , however, there is a tendency to put as much of this water 
to benefi ci a l use a s possible. This is undoubtedly due to two factors; first , 
that it is usually in a more convenient location and rore readily diverted to 
land needing irrigation, and second, that putting the water to benefici al use 
offers a means of reduci ng the operation cost . 
Organization- pumping for drainage, or in fact drainage of irrigated 
lands in general, is a p roblem the solution of which can seldom be undertaken 
by the individual farmer. 
Drainage is a matter which interests not only the individual who is un-
fortunate eno ugh to have wet or alkali land, but the whole comnnmi ty i n which 
he lives and , therefore, t he community should undertake t he solution of the 
p robl em. The i ndividual farmer can seldom solve his drainage problem without 
assistance . The necessary construction is costly, particularly with regard to 
an outlet, and often the drainage of an i ndividual farm, unless it is very 
l a r ge , will not justify the expense. 
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SUMMARY 
]'actors affecting the economic use of water are : 
1. Soil texture affects the irrigation req.tirement. coarse textured 
soils, or those with gravelly substrata, should have a distribution system that 
will permit or supply comparatively ligh t and frequent applications which can 
be retained in the soil without percolation loss, 
2. The kind of crop affects the amoung of water required. Alfalfa, 
for instance, requires relatively large amounts of water, g rains medium amounts , 
and cultivated crops, like potatoes , still less, 
(3) Soil fertility is one of the !IX)St important factors affecting 
irrigation requirements. Where there is a good supply of plant food, the plant 
requires comparatively less a~unts of water to produce dry matter . I n manur-
ing and fertilizer experiments the to tal irrigation water has been sav ed from 
one-fourth to one-half. 
4 , The time of irrigation affects greatly the efficiency of the 
water applied, since irrigation, li ke cultivation, is 110 r th more when applied 
just at t he right time , By applying water at the p roper time crop yields have 
been considerably increased . 
5 , The amount applied at each irrigation will affect the economical 
use of water or irrigation requirement . If the amount applied is in excess of 
the capacity of the soil strata within reac h of the roots to retain it, deep 
perco lation loss is sure to result . 
6, The frequency of irrigation is related to the time and amount fo r 
each irrigation , Irrigation should only be applied when the mo isture content 
drops to near the wilting point for the particular soil, and i n sufficient amount 
to fill it up to the ma«imum capillary capacity. 
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7. The method of applying water affects the water requirement. The 
head and l eng th of run should be such that the plot irrigated can be covered by 
the time the irrigation has wet up the root zone of the crops. A high head forces 
over the land rapidly and is necessary in flood irrigation or in irrigating 
loose soils. The longer length of run gives more time for soaking during irri-
gation on the heavier textured soils. Longer runs can be used on more sloping 
land and shorter runs with higher heads sr~uld be used on the flatter lands in 
order to cover the land without waste. 
8. It is important for the irrigation farmer to have a moderate pro-
portion of cultivated crops as these permit intertillage, kill weeds and 
control evaporation from the soil. This cultivation should be given promptly 
to be most effective and as soon after irrigation as the soil is dry enough 
to crumble and form a mulch. 
9. crop rotations - it is very important for the irrigation farmer 
tc practice a careful system of rotation as in irrigated land it is entirely 
fea sible to build up and keep the soil in a higher state of fertility. 
Duty can be raised and water requirement can be greatly reduced in irri-
gation farming by practicing a good rota tion, including l egume crops, by using 
good varieo.e~ by main taining a good state of fertility and tilth, by irriga-
ting at just the right time in the proper amount, and by practicing good 
general farm methods. 
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